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SUMMARY 
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Design  requirements  for  wlndblast  limb  protection  systems  to  be 
used  In  current  ejection  seats  were  defined.  The  ACES  II  system  was 
used  as  a baseline  system.  Using  the  baseline  seat  and  the  requirements, 
three  arm  and  three  leg  restraint  concepts  were  defined.  A proposed 
program  was  then  defined  to  evaluate  and  develop  the  proposed  systems. 


Design  requirements  were  derived  from  a list  of  criteria  or  con- 
straints for  the  system  as  defined  In  the  reference  to  the  escape, 
aircraft,  crew  flight  conditions  and  using  commands'  needs.  Resulting 
requirements  were  then  rank  ordered  and  significant  Interactions 
between  them  Identified.  Identification  of  negative  Interactions  high- 
lights the  significant  trades  necessary  to  design  a successful  wlndblast 
protection  system. 


Ejection  events  and  the  resulting  environment  the  crew  Is  exposed 
to  were  then  analyzed  to  define  the  physical  actions  the  men  and  system 
must  contend  with.  Review  of  previous  ejection  Injuries  and  limb 
restraint  systems  was  Included  to  further  refine  the  understanding  of 
Injury  mechanisms.  Specific  Injury  mechanisms  of  the  knees,  shoulder, 
elbow,  and  spinal  column  are  presented.  * 

ca- 
using the  requirements  and  injury  mechanisms  the  six  candidate 
protection  systems  were  defined.  A proposed  program  for  concept  refine- 
ment and  final  selection  is  presented. 
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INTRODUCTION 


PROBLEM  DEFINITION 

In  high-speed  open-seat  ejections,  aerodynamic  and  Inertial  forces  can 
Injure  the  unrestrained  limbs  of  the  seat  occupant.  The  problem  Is  hew  to 
develop  a limb  restraint  design  which  will  safely  restrain  the  limbs  against 
the  action  of  these  forces  while  conforming  to  design  constraints  which 
arise  from  aircraft  and  escape  system  requirements;  from  human  vulnerabili- 
ties to  Injury;  from  expectations  of  the  users  regarding  encumberances, 
comfort  and  appearance;  and  from  expectations  of  the  support  commands  regard 
Ing  reliability,  maintainability,  logistics,  cost  and  schedule. 

PROBLEM  CONTEXT 

Historical 


Studies  of  ejection  incidents  have  shown  that  injuries  t.o  the  limbs  are 
the  most  significant  factor  governing  the  rate  of  safe  recovery  from  high- 
speed ejections  (References  1 through  5).  The  estimated  incidence  of  limb 
injuries  in  the  absence  of  restraints  ranges  from  about  20  percent  at  400 
KEAS  to  nearly  100  percent  at  600  KEAS.^  In  combat  situations,  limb  injuries 
greatly  reduce  the  chance  of  rescue  from  behind  enemy  lines  and  increase 
the  risk  involved  in  rescue  operations.  Many  attempts  have  been  made  at 
designing  limb  restraint  systems  for  open-ejection  seats.  The  primary 
reasons  why  these  designs  are  not  acceptable  for  use  in  new  fighter  aircraft 
are  as  follows: 

1.  Excessive  weight  and/or  bulk. 

2.  Users  judge  them  excessively  encumbering  or  unreliable. 

3.  The  designs  have  proved  to  be  Ineffective  or  have 
Introduced  new  injury  mechanisms. 

Aircraft  Performance  Requirements 

The  missions  for  new  fighter  aircraft  demand  higher  velocities  and 
maneuvering  accelerations,  and  lower  altitudes.  The  dem*  *<  for  higher 
velocities  shifts  the  expected  ejection-speed  frequency  distribution  toward 
higher  ejection  velocities  and  Increases  the  expected  number  of  ejections 
In  the  dynamic  pressure  region  where  limb  injuries  are  probable.  Demands 
for  higher  velocities  also  creates  danand  for  reduced  cross  section  and, 
therefore,  less  bulk.  Demand  for  higher  maneuvering  accelerations  creates 
demand  for  reduced  gross  weight.  Demand  for  operation  at  lower  altitudes 
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creates  demand  for  better  low  altitude  recovery  performance  from  escape 
systems . 

Escape  System  Performance  Requirements 

Mission  performance  requirements  for  open-seat  escape  systems  are 
driven  by  the  Improving  low-altitude  high-speed  performance  of  military 
aircraft.  To  Improve  low  altitude  recovery  performance,  the  delay  between 
system  Initiation  and  catapult  Ignition  has  been  shortened  to  only  that 
required  to  achieve  canopy  divestment.  Delay  for  canopy  divestment  may 
be  as  short  as  120  milliseconds.  The  dlvestlble  part  of  some  new  cockpit 
canopies,  for  example  the  F-16,  Is  continuous  down  to  the  fuselage  outer 
mold  line.  In  such  aircraft,  the  seat-occupant  Is  exposed  to  wlndblast 
Immediately  after  the  canopy  Is  unlatched.  Therefore,  If  limb  restraint 
must  occur  concurrently  with  divestment,  the  limb  restraint  system  must 
deploy  very  rapidly  while  exposed  to  wlndblast. 

Ejection  Seat  State-of-the-Art 

In  the  region  of  high  dynamic  pressure  where  limb  injuries  are  probable, 
and  during  the  period  between  seat-rail  separation  and  the  beginning  of 
stabilized  deceleration  on  the  drogue  chute,  a light  weight,  standard  shaped 
ejection  seat  will  usually  show  angle-of-attack  instability  (References  6 
through  9).  As  a result,  the  direction  and  magnitude  of  the  aerodynamic  and 
Inertial  forces  acting  on  the  limbs,  body  and  seat  may  change  rapidly  during 
this  period.  Also  the  seat  can  have  a large  angle-of-attack  by  the  time  the 
drogue  chute  Inflates.  When  this  occurs,  the  seat  shows  large  changes  in 
translational  and  angular  acceleration  which  may  result  In  violent  movement 
between  the  seat  and  occupant.  After  drogue  stabilization,  the  seat  can  show 
high  roll  rates  which  the  drogue  may  not  control.  When  this  occurs,  seat- 
man  separation  can  be  unstable  and  result  In  an  off-angle  extraction  of  the 
occupant  from  the  seat. 

General 


Contemporary  Air  Force  ejection  seats  use  either  center-pull  or  side- 
arm  initiators.  Therefore,  the  limb  restraints  should  be  designed  for  both 
initiator  types.  The  need  for  a workable  limb  restraint  system  is  iwnediate. 
Therefore,  the  limb  restraint  design  should  be  compatible  with  the  goal  of 
rapid  development,  evaluation  and  implementation.  The  maximum  loads  which  a 
limb  restraint  system  will  have  to  react  are  not  precisely  known  due  to  diffi- 
culties of  extrapolating  windtunnel  research  data  to  the  actual  dynamic 
conditions  of  a high-speed  ejection.  Therefore,  the  proposed  restraint  design 
should  provide  a wide  margin  of  safety  in  its  maximum  load  parameters. 
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STRATEGY  FOR  PROBLEM  RESOLUTION 


This  attempt  to  solve  the  limb  restraint  design  problem  began  with  a 
review  of  the  scientific  literature  related,  in  general,  to  human  Inter* 
actions  with  open-seat  ejection  systems,  and  In  particular,  to  the  mechanics 
of  wlndblast  Induced  limb  injuries.  During  this  review,  particular  attention 
was  paid  to  those  characteristics  of  previous  limb  restraint  design  solutions 
which  seemed  to  be  the  cause  of  those  solutions,  unacceptable Ity  for  use  on 
the  ejection  seats  of  new  military  aircraft. 

Subsequent  to  the  literature  review,  an  analysis  was  conducted  on  the 
requirements  for  an  acceptable  limb  restraint  design.  One  aim  of  this 
analysis  was  to  Identify  and  assess  contradictory  Interactions  between 
Independent  design  requirements.  A contradictory  Interaction  Is  Indicated 
when  It  can  be  shown  that  a design  feature  which  Improves  performance  against 
one  requirement,  degrades  performance  against  another.  As  a means  for 
systematically  searching  for  such  interactions,  a list  of  independent  design 
requirements  was  compiled  and  then  crossed  with  itself  to  form  a matrix. 

Each  cell  of  this  matrix  represents  the  potential  interaction  between  a pair 
of  requirements  as  shown  In  rable  1.  Ei.ch  of  the  paired  requirements  was 
subjectively  assessed  for  any  significant  interaction,  and  the  corresponding 
matrix  cells  were  marked  to  Indicate  the  nature  of  the  interaction  as  either 
beneficial,  neutra^  or  contradictory.  A list  of  the  contradictory  inter- 
actions was  made.  The  list  which  gives  a brief  explanation  of  eacn  interac- 
tion, and  possible  approaches  to  resolution,  is  presented  in  Table  2. 

Of  the  180  potential  interactions  defined  by  the  requirements  matrix,  76 
contradictory  interactions  were  identified.  This  large  number  of  conflicts 
between  requirements  implies  that  any  windblast  protection  concept  will 
necessarily  represent  a large  set  of  trade-offs  between  requirements,  and 
that  no  concept  can  fully  meet  all  of  the  design  requirements.  Since  each 
contradictory  interaction  between  requirements  represents  a potential  trade- 
off situation,  there  Is  a need  for  organizing  tnese  interactions  according 
to  their  relative  Importance  so  that  the  acceptability  of  the  trade-offs 
Inherent  in  a design  concept  may  be  judged.  Since  the  Importance  of  each 
interaction  Is  related  to  the  importance  of  the  two  requirements  involved, 
the  design  requirements  first  were  ranked  according  to  their  relative 
importance  on  the  basis  of  their  contributions  to  the  following  goals: 

First,  successful  completion  of  the  military  mission 

Second,  safe  recovery  of  the  seat  occupant 

Third,  satisfaction  of  the  functional  and  psychological 
needs  of  the  occupant 


9 


Table  2.  (Continued) 


Table  2.  (Contjjiued) 


Table  2.  (Continued) 


Table  2.  (Continued) 


(probably  mil  lapoct) 


Table  2.  (Continued) 


Table  2.  (Continued) 


INTCKACTION  MATRIX  CONTMOICTIONf : EXPLANATIONS  AMD  RESOLUTIONS 


Fourth,  satisfaction  of  the  operational  needs  of  the 
using  command,  e.g.  logistics,  maintainability,  etc. 

These  criteria  were  used  to  rank  order  the  design  requirements  as  shown 
in  Table  3.  The  list  of  rank  ordered  requirements  was  then  used  to  form 
a second  interaction  matrix,  shown  in  Table  4.  In  this  new  matrix  the 
previously  identified  interactions  are  automatically  organized  by  importance 
and  tradeabi 1 ity.  The  vertical  axis  represents  importance  in  the  sense 
of  rank  order  and  the  horizontal  axis  represents  tradeabi 1 ity  in  the 
sense  of  its  representing  the  difference  in  rank  order  between  the  conflict- 
ing requirements.  If  the  rank  order  difference  is  small,  the  size  of  the 
trade-off  should  be  small  but  the  direction  of  trade-off  is  justifiable 
either  way.  If  the  rank  order  difference  is  large,  a large  trade-off  may  be 
justifiable  but  it  is  difficult  to  justify  the  trade-off  of  a higher  ranked 
requirement  for  a lower  ranked  one. 

A second  aim  of  the  design  requirements  analysis  was  to  prepare  a 
description  of  the  open-seat  ejection  event  which  would  tie  together,  by 
association,  the  available  information  about  the  principle  elements,  namely 
the  air,  the  man,  and  the  seat.  Toward  this  end  a chart  was  prepared  which 
showed  the  r<  ..itionship  between  the  event  timeline  of  the  seat  and  the  time 
histories  of  dynamic  pressure  and  deceleration  for  a ty  ical  high-speed  low- 
altitude  ejection.  This  chart  is  presented  in  Figure  1. 

Also  discussions  were  prepared  on  the  importance  of  frame  of  reference 
to  ejection  force  descriptions,  and  on  the  sequence  of  events  which  lead  to 
the  creation  of  the  ejection  forces. 

A third  aim  of  the  requirements  analysis  effort  was  to  identify  the 
injury  vulnerabilities  of  the  seat  occupant  and  to  describe  the  Implications 
for  limb  restraint  designs. 

An  effort  to  develop  design  and  evaluation  criteria  was  carried  out 
concurrently  with  the  design  requirements  analysis.  The  approach  was  to 
compile  a table  of  design  and  evaluation  criteria  based  on  the  list  of 
requirements  and  the  requirement  conflict  descriptions,  taken  from  Tables 
1 and  2.  This  table  of  criteria  is  shown  In  Table  5. 

The  next  effort  was  aimed  at  design  conceptualization.  At  the  start, 
this  effort  was  open  to  all  previous  design  solutions  and  any  new  method 
or  technique  for  protecting  against  windblast  Injuries.  Later  the  effort 
was  scoped  down  to  development  of  configurations  and  deployment  techniques 
for  t;.e  broad  category  of  strap  type  1 imb-restraint  systems.  This  change 
of  scope  was  based  on  the  determination  that  strap  type  systems  offered 
the  best  overall  performance  and  also  that  the  aesign  flexibility  inherent 
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TABLE  3 • SEPARATION  OF  DESIGN  REQUIREMENTS  BY  MISSION  .AND  BY  INPORTANCE  TO 
A MISSION  FOR  THE  PURPOSE  OF  BANK  ORDERING  TIE  DESIGN  REQUIRBENTS 


Aircraft 

Escape  System 

Crew 

Using  Command 

Weight 

Drag  § Inertial  Forces 

A/C  Attitude 

Vision 

Reach 

urc/LCC 

' 

Pre-ejection  Positioning 

Seat  Separation 

Load  Distribution 

Crew  Size 

Crew  Size 

Logistics 

Personal  Equipment 

Personal 

Equipment 

Landing  Entanglement 

Emergency  Egress 

Emergency 
- Egress 

Manual 

Release 

Accessibility 

Seat  Stability 

Ingress/ 

Donning 

Operational 

Acceptability 

Reliability 

Maintainability 

HAINTAIMAHIL  I Ilf  AVOID  AMONG  WKDENSOHf  NAINIINANCI  IASKS  10  INI  {SCAM  SISIIN 


MION  (SHOWS) 


C 

§ 

1 1 

s 

i 

“ 

_ 

- 

- 

i 

S 

5 

f- 

a 

X 

§ 

a 

t 

i - 
? ? 

I 

1 

§ 

i 

r 

i 

i 

3 

t 

2 

»- 

*•# 

i 

• • X 
X — 

r 

* 

? 

i 

<>• 

u* 

z 

■n 

X 

< 

* 

— 

“ 

? 

w 

X 

** 

C 

5 

a 

w* 

- 

? 

*- 

c: 

5 

a 

T; 

.T 

> 

« 

7 

s\ 

- 

X 

X 

a 

M 

T 

"* 

— 

— 

1 

a 

at 

— 

•w 

>« 

— 

- 

L. 

J 

“ 

X 

a 

"v. 

* 

£ 

| 

< 

& 

v; 

< 

a 

5 

S' 

X 

§ 

c 

a 

S 

X 

s 

< 

*z 

< 

i 

X 

< 

~ 

i 

* 

k 

as 

a 

s 

i 

X 

a 

X 

5 

Fj 

A-JTC 

i. 

5 

vent ' 

Tin*  lint 

tor 

r-ri^ai  i 

ucfc-Sneco 

■-iec 

Table 


which  protection  systea  is  drawings  i proto- 

to  be  installed  types 

Subject  to  aircraft  cock-  . Drawings  of  aircraft 

pit  design  cockpit,  eject. 

envelopes 


CRITICAL  DESIGN  l EVALUATION  CRITERIA 


Table  5.  (Continued) 
CRITICAL  DESIGN  A EVALUATION  CRITERIA 


Table  5.  (Continued) 


CRITICAL  DESIGN  k EVALUATION  CRITERIA 


mIm  ejection  position- 
ing cjp«bilftfes 


Table  5.  (Continued) 


CRITICAL  DESIGN  ft  EVALUATION  CRITERIA 


Table  5.  (Continued) 
CRITICAL  0CSI4H  A EVALIMTIQH  CRITERIA 


Table  5.  (Continued) 


-UAJuiH 


CRITICAL  DCS’  > EVALUATION  CRITERIA 


Table  5.  (Continued) 


CRITICAL  DESIGN  t EVALUATION  CRITERIA 


Table  5.  (Continued) 


Table  5.  (Continued) 

CRITICAL  MSI  CM  ft  EVALUATION  CRITERIA 


If  si 

« W k (A 

» *•*  It’ 

rnm  «o*  4*  *—  ■ SB 

null 


M W 

G 3 8 

i 1 } 

i i' 


n 


Hjijii  iiiifiii 


s KiiJi 


£ m i l 

1 1 if  i i 

£ - 513  “*  3 5 

1 4 £ -»«**  ♦*  W V-I  1 

•*  i w _ o 

iiifii|ii 

S 3 3 s 1 


»s  .n*  j 

4*  ~ ~ * M 


--instil 

urilsii 
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in  strap  type  systems  should  help  speed  the  evaluation  and  deployment  of 
an  effective  and  acceptable-1 Imb  restraint  system.  As  part  of  the  con- 
ceptualization effort,  six  phases  of  restraint  system  operations  were 
Identified  and  defined  as  shown  In  Table  6.  More  than  30  different  con- 
figurations of  straps,  cuffs  and  sleeves  were  Identified  and  evaluated. 

Eight  of  the  concepts  were  developed  into  soft  mock-ups  which  were  evaluated 
In  manual  force  deployment  demonstrations  on  an  ACES  81  seat. 

Subsequent  to  the  design  conceptualization  effort,  a design  selection 
process  was  begun.  The  candidate  limb-restraint  concepts  were  critically 
evaluated  against  the  design  criteria.  Six  concepts  were  selected  for 
reconmiendatlon  for  further  development  and  testing. 


DESIGN  REQUIREMENTS  ANALYSIS 
DEFINITIONS:  REQUIREMENTS,  CONSTRAINTS,  CRITERIA 

The  words  requirements,  constraints  and  criteria  are  frequently  used 
Interchangeably  In  discussions  about  technical  programs.  However,  there 
are  differences  In  the  meaning  of  these  words  which  can  be  useful. 

The  word  requirement  refers  to  the  expected  performance  of  a design 
relative  to  an  implicit  or  explicit  goal.  The  word  constraint  refers  to 
facts  or  conclusions  which,  in  efv'act,  confine  the  acceptable  design  solution 
to  a limited  region  of  the  potential  solution  space.  The  word  criterion 
refers  to  a standard  or  test  which  may  be  used  to  judge  the  design's  perform- 
ance against  its  requirements. 

REQUIREMENTS  INTERACTION  ANALYSIS 

A list  of  factors  pertinent  to  the  windblast  protection  design  problem 
is  given  in  Table  7.  A list  of  abbreviated  design  requirements , based  on 
a study  of  the  design  factors  of  Table  7,  is  given  in  Table  1.  Table  1 
also  presents,  in  a matrix  format,  all  of  the  interactions  between  the 
design  requirements.  Three  types  of  interaction  are  noted.  These  are 
beneficial,  neutral  and  contradictory.  Of  the  180  interactions  represented 
In  Table  1,  76  are  contradictory.  An  explanation  of  each  of  the  contradic- 
tory interactions  along  with  some  possible  approaches  to  resolution  are 
given  In  Table  2. 

Contradictory  interaction  between  two  requirements  usually  necessitates 
a trade-off  between  the  requirements.  Frequently,  the  result  of  a trade- 
off Is  that  the  design  does  not  fully  achieve  the  goals  envisioned  by  either 
requirement.  Sometimes  a designer  can  avoid  a trade-off  by  avoiding  the 
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TABLE  7 . FACTORS  PERTINENT  TO  WINDBLAST  PROTECTION  SYSTEM  DESIGN 


Factors 

Aircraft  Controls  and  Displays  Interface 
Aircraft  Ingress/Donning,  Doffing/ Egress 
Emergency  Egress 
Crew  Sizing 

Preejection  Ftositioniztg  of  the  Crew 
Clearance  During  Ejection 
Influence  of  Seat  Mm  Stability 
Extreeity  Protection 
Seat -Met  Separation 
Parachute  Interface 
Grand  and  Mater  Landing 
Iteliability/Maiatainability 
Systen  Safety 

Desist  to  Cost/Life  cycle  Coat 

Crew  Encuaberance  and  Fatigue 

Psychological  Aspects  of  Restraint  Systen 

Ejected  Neigfrt 

Pynawic  Envirooaant 

Cockpit  Canfiguraticn  Coapatibility 

Personal  Equip— it 
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areas  in  which  the  requirements  are  in  conflict.  If,  however,  the  conflict 
is  unavoidable,  certain  information  should  be  available  to  support  a judge- 
ment on  the  acceptability  of  the  trade-off.  First,  the  relative  importance 
of  the  two  requirements  should  be  known,  since  this  relationship  controls 
the  acceptability  of  the  direction  and  magnitude  of  the  trade-off.  Next, 
in  order  to  assess  the  impact  of  a trade-off  on  the  level  of  performance  of 
a design  against  a requirement,  all  the  other  trade-offs  in  which  the  two 
requirements  are  involved  should  be  known.  Finally,  there  should  be  some 
idea  of  a minimum  acceptable  level  of  performance  for  each  requirement. 

The  relative  importance  of  requirements  is  not  normally  g’ven  much  con- 
sideration. But  for  design  problems  which  show  many  contradictory  inter- 
actions between  requirements,  relative  importance  must  be  established  to 
provide  a criterion  for  judging  the  acceptability  of  design  performance 
trade-offs.  The  rank  order  importance  of  requirements  is  influenced  by  two 
main  factors.  These  are  the  rank  importance  of  ths  mission  which  the  require- 
ment goal  supports,  and  the  rank  importance  of  the  goal  to  the  successful 
comoletion  of  the  mission.  In  addition,  the  rank  importance  of  a requirement 
may  be  influenced  by  the  accessibility  of  the  requirement  goal  to  state-of- 
the-art  technology  or  by  a tendency  of  the  requirement  goal  to  degrade  or 
improve  system  performance  on  other  mission-important  goals.  Windblast  pro- 
tection system  requirements  support  the  missions  of  the  aircraft,  the  escape 
system,  the  aircrew  and  the  using  command.  Table  3 shows  how  the  requirements 
are  broken  out  under  these  missions,  how  they  are  ranked  within  the  missions, 

and  how  they  are  ranked  by  overall  importance  across  the  missions. 

Reorganization  of  the  requirements  interaction  matrix  shown  in  TaMe  1 
according  to  the  rank  order  of  requirements  taicen  from  Table  3 gives  the 
interaction  matrix  shown  in  Taole  4.  In  this  matrix,  the  row  wnich  runs 
diagonally  up  from  each  requirement  gives  its  interactions  with  the  require- 
ments ranked  higher  than  ’t  in  importance.  Any  contradictory  interactions 
indicated  in  this  row  potentially  represent  a need  to  trade-off  performance 
for  the  sake  of  a higher  ranked  requirement.  The  row  which  runs  diagonally 
down  from  each  requirement  gives  its  interactions  with  lower  ranked  require- 
ments. Any  contradictions  indicated  in  this  row  potentiaily  represent  trade- 
offs which  could  benefit  the  rew's  requirement.  The  more  to  the  left  of 
tne  matrix  the  greater  the  disparity  in  rank  between  the  interacting  require- 
ments, and,  therefore,  the  greater  the  justification  for  trading-off  the  lower 

ranked  requirement  to  benefit  the  higher  ranked  one.  The  mere  to  the  right 
of  the  matrix  the  closer  the  interacting  requirements  are  in  rank,  and,  there- 
fore, the  greater  the  need  to  equalize  the  effects  of  a trade-off  on  tne  two 
requirements  and  tne  greater  the  justification  for  trade-offs  wnich  run 
counter  to  the  given  rank  order. 
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PHYSICAL  DESCRIPTION  OF  THE  OPEN-SEAT  EJECTION 


Frames  of  Reference  and  Ejection  Forces 

The  open-seat  ejection  is  characterized  by  very  high  aerodynamic 
pressure  and  rapid  deceleration.  Within  the  frame  of  reference  of  the 
seat  and  its  occupant,  these  phenomena  generate  apparent  forces  which 
tend  to  cause  the  occupant's  limbs  and  head  to  move  relative  »o  the  torso 
and  seat.  Although  these  apparent  forces  are  responsible  for  the  wind- 
blast  injury  problem.  It  Is  easier  tc  comprehend  their  actions  from  an 
earth  based  frame  of  reference.  Within  the  earth  based  reference  frame, 
both  the  aerodynamic  pressure  and  the  deceleration  are  the  Interdependent 
results  of  a process  by  which  the  kinetic  energy  of  the  seat-occupant 
system  is  rapidly  transferred  to  the  air  molecules  in  the  vicinity  of  the 
seat  trajectory.  As  the  seat  moves  through  the  atmosphere.  It  impacts 
static  air  molecules  In  its  path.  These  molecules  are  accelerated  by 
their  Impacts  in  the  direction  of  the  seat  motion.  As  the  impacted  mole- 
cules move  away  from  the  seat  they  Impact  new  static  molecules  and  so  on. 
Repetition  of  this  process  leads  to  the  formation  of  a pressure  gradient 
which  moves  ahead  of  the  seat-occupant  system  as  it  travels  along  Its 
trajectory.  The  pressure  gradient  Is  created  and  sustained  by  the  Inertial 
resistance  of  the  static  air  molecules  which  must  be  accelerated  out  of  the 
trajectory  volume  and  by  the  work  performed  by  the  seat  occupant  against 
the  pressure  gradient  as  the  seat  slows  down.  Static  air  molecules  which 
are  engulfed  by  the  moving  pressure  gradient  are  accelerated  forward  and 
laterally  so  that  they  flow  around  the  occupant  and  seat.  This  air  flow, 
in  turn,  generates  aerodynamic  phenomena  which  modify  the  spatial  shape 
of  the  pressure  gradient  according  to  the  laws  of  aerodynamics . The  spatial 
shape  of  the  pressure  gradient  controls  the  distribution  of  pressure  contours 
on  trie  externa1  surfaces  of  the  occupant  and  the  seat.  The  distribution  of 
pressure  contours,  in  turn,  determines  the  net  pressure  forces  which  act  on 
the  seat,  and  the  head,  limbs  and  torso  of  the  occupant. 

The  mass  elements  of  the  seat  occupant  system,  the  seat,  the  torso,  the 
nead,  and  tfce  limb  segments,  are  not  rigidly  connected.  Therefore,  if  the 
net  forces,  resolved  to  the  trajectory  path  and  acting  on  each  mass  element t 
are  not  proportionc.1  to  the  mass  of  each  element,  then  the  elements  will 
decelerate  at  different  rates  until  the  limit  of  articulation  between  the 
elements  is  reamed.  When  a more  rapidly  decelerating  mass  element  reaches 
the  limit  of  its  articulation , balancing  forces  are  passed  through  its  artic- 
ulations with  other  mass  elements  until  the  proportionality  between  its 
net-resol ved-force  and  its  mass  is  uniform  with  those  of  the  other  mass 
elements.  These  deceleration  balancing  forces,  which  are  passed  through  the 
mass  element  articulations , represent  a windblast  injury  hazard  to  the 
shoulders  and  elbows,  and  especially  to  the  knees.  Wind  tunnel  research  has 
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shown  that  the  major  part  of  the  net  forces  on  the  links  due  to  the  distribu- 
tion of  pressure  contours  and  the  inertial  response  to  deceleration,  does  not 
act  against  the  direction  of  seat  motion  (References  7,  8,  9 and  11).  Rather, 
most  of  the  net  force  on  the  limbs  acts  in  a lateral -outboard  and  ar.  upwards 
direction  when  the  seat's  angles  of  attack  are  zero.  This  is  due  to  the  fact 
that  the  arms  and  the  upper  and  lower  legs  dam  high  pressure  air  between  them- 
selves and  the  torso,  seat  pan,  and  the  seat  bucket,  respectively.  If  the 
limbs  are  not  restrained  to  the  seat,  they  will  move  out  laterally  and  upward 
under  the  influence  of  these  forces , either  until  contact  with  seat  structure 
is  made,  such  as  the  knee  contacting  the  lateral  leg  guard,  or  the  limit  of 
articulation  is  reached,  such  as  the  arm  in  the  full  backward  posttion.  At 
the  limit  of  limb  movement  either  the  seat  structure  or  the  limb  joints  must 
apply  to  the  limb  an  arresting  force  to  stop  the  limb  movement  plus  a force 
to  counteract  any  lateral  and  vertical  pressure  forces  plus  a force  to  bal- 
ance the  limb's  deceleration  rate  with  those  of  the  other  mass  elements. 

Since,  at  600  K.EAS,  the  combined  lateral  and  vertical  acting  pressure  forces 
are  cn  the  order  of  600  to  1000  pounds,  which  is  also  the  order  of  the  force 
threshold  for  severe  joint  ligament  strain  injury  , Reference  10),  these 
forces  represent  another  wind-blast  injury  hazard  in  addition  to  the  decelera- 
tion balancing-force  hazard. 

Wind  tunnel  research  has  also  shown  that  the  typical  open  ejection  seat 
with  occupant  configuration  is  aerodynamically  unstable  (References  6,  7,  8 
and  9.)  This  is  ecpec’ally  true  in  the  yaw  axis  at  high  ejection  speeds. 

As  a result  of  this  instability,  the  seat  may  yaw  prior  to  drogue  chute 
inflation.  This  potentiality  gives  importance  to  the  seat  occupant  interface, 
which  consists  of  the  lap  belt,  the  shoulder  harness,  and  the  areas  of  passive 
contact  between  the  seat  and  occupant.  The  belt  and  harness  give  fair  re- 
straint against  forward  motion  of  the  occupant.  However,  because  of  the  need 
to  accommodate  a range  of  crew  sizes f they  give  poor  restraint  against  1 at - 
era!  movement  of  the  occupant  relative  to  the  seat.  .erefore,  if  the  s^at 
is  yawed  at  the  time  of  drogue-snatch,  the  sect  can  decelerate  more  rapidly 
than  the  occupant  until  the  limit  of  lateral  movement  is  reached.  At  the 
limit  of  lateral  movement  the  lap  belt  and  harness  must  carry  a large  seat 
body  arresting  load  pius  the  force  required  to  balance  the  net  resolved 
force  to  mass  ratios  or  the  deceleration  rates  of  the  seat  and  occupant. 

Any  limb  restraint  system  which  restricts  lateral  torso  movement  to 
something  less  tnar  that  permitted  by  the  lap  belt  and  shoulder  harness 
would  have  to  be  capable  of  carrying  similar  loads  without  injury  to  the 
limbs.  Also  since  the  drogue  riser  would  not  be  aligned  with  the  center 
of  gravity  of  a yawed  seat;  the  drogue-snatch  event  causes  the  seat  to  feel 
a large  yaw  movement  tending  to  turn  the  seat  back  toward  a zero -yaw  angle. 
Since  the  seat  and  occupant  are  poorly  coupled  in  the  yaw  axis,  the  seat 
may  reach  a substantial  yaw  rate  prior  to  contacting  the  occupant's  downwind 
leg  and  shoulder.  If  this  occurs,  the  knee  joint  could  be  required  tu  carry 
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the  lower  leg  inertial  loads  associated  with  the  impact  plus  the  tangential 
acceleration  forces  associated  with  the  droguue  induced  yaw  angular  accelera- 
tion plus  any  deceleration  balancing  forces  associated  with  the  net  resolved 
force-to-mass  ratio  of  the  lower  leg.  This  would  represent  an  additional 
windblast  injury  hazard  to  the  knees.  Seat  back  impact  against  the  down 
wind  shoulder  would  probably  not  present  a direct  injury  hazard.  However, 
the  arm  would  feel  a .backward  inertial  force  in  response  to  such  an  impact. 

If  the  arm  were  not  restrained  against  backward  movement,  the  lower  arm 
might  slip  out  from  under  a loopover  type  restraint. 

The  wind  tunnel  study  reported  in  Reference  11  found  that  the  seat 
occupant  feels  about  80  percent  of  the  to>.al  drag  force  for  small  trim 
angles  of  the  seat.  Therefore,  in  a stable  ejection  the  seat/occupant 
interface  is  in  compression  with  the  occupant  delivering  force  to  the  seat 
to  balance  their  deceleration  rates.  When  the  drogue  parachute  inflates 
this  situation  is  reversed  with  seat  and  drogue  feeling  most  of  the  drag 
force.  Therefore,  after  drogue  inflation  the  seat/occupant  interface  is 
in  tension  with  the  seat  delivering  force  to  the  occupant  through  the  lap 
belt  and  harness.  If  the  seat  yaws  to  a large  angle  prior  to  drogue  in- 
flation, the  seat/occupant  interface  is  first  put  in  shear,  and  then  in 
tension  as  the  seat  rotates  back  to  a zero-yaw  angle.  The  states  of  com- 
pression, tension,  and  shear  at  the  seat/occupant  interface  are  illustrated 
in  Figure  2. 

The  aim  of  the  preceding  discussion  was  first  to  identify  the  several 
mechanisms  which  generate  apparent  forces  on  the  limbs  during  seat  decelera- 
tion. These  forces  represent  injury  hazards  to  the  limb  joints  and  must 
be  safely  reacted  by  the  limb  restraint  system,  if  these  hazards  are  to  be 
avoided.  A second  aim  of  the  preceding  discussion  was  to  show  that  an  earth 
based  frame  of  reference  simplifies  the  conceptual  integration  of  both  the 
force  generating  mechanisms  and  their  effects,  by  making  the  simulaneity  of 
their  actions  more  comprehensible. 

Although  the  simultaneity  of  the  limb  force  generating  mechanisms  may 
be  conceptually  well  understood,  it  is  nevertheless  difficult  to  collect 
quantitative  data  on  the  total  forces  acting  on  the  limbs.  This  is  due  to  the 
lace  of  facilities,  other  than  sled  tracks,  for  adequately  simulating  the  high- 
speed free-body  atmospheric  deceleration  of  an  occupied  ejection  seat.  The 
next  best  option  after  the  sled  track  is  the  wind  tunnel.  Wind  tunnel  data 
does  provide  valuable  insight  into  the  aerodynamic  phenomena  peculiar  to  an 
occupied  ejection  seat.  However,  it  is  not  valid  to  directly  extrapolate 
this  data  to  obtain  estimates  of  the  actual  forces  which  act  on  the  limbs 
during  the  course  of  an  ejection.  There  are  a couple  of  reasons  for  this 
restriction.  For  one,  a wind  tunnel  test  simulates  an  ejection  seat  which 
traveles  at  constant  velocity  through  the  atmosphere.  The  condition  of 
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Figure  2 . Intact  of  Drogue  Inflation  on  Forces  at  Seat -Occupant  Interface 


constant  velocity  occurs  only  while  the  seat  remains  in  the  guide  rails. 

Since  a wind  tunnel  simulation  can  not  account  for  the  balance  between 
pressure  force  and  deceleration  after  guide  rail  separation,  wind  tunnel 
force  data  are  prone  to  errors  in  the  force  components  resolved  to  the  ’ 
simulated  flight  path. 

Another  reason  for  restricting  the  application  of  wind  tunnel  data 
follows  from  the  fact  that  a wind  tunnel  simulation  creates  the  artificiality 
of  an  ejection  seat  which  maintains  a stable  attitude  during  ejection.  Such 
a simulation  can  not  account  for  the  dynamic  forces  associated  with  catapult, 
and  sustaining  thruster  accelerations,  and  with  attitude  rates  and  accelera- 
tions  which  are  typical  of  in-service  ejection  seats.  Therefore,  extrapolated 
wind  tunnel  force  data  tend  to  underestimate  the  maximum  forces  acting  on  the 
limbs  in  an  actual  ejection. 

Given  the  restrictions  discussed  above,  wind  tunnel  derived  limb  force 
data  may  be  used  to  obtain  an  understanding  of  the  gross  magnitude  and 
direction  of  action  of  the  pressure  force  which  a limb-restraint  system 
must  safely  react.  Summaries  of  wind  tunnel  limb  force  data  for  the  ACES  II 
seat  at  various  combinations  of  pitch  arid  yaw  attitudes  are  given  in  Refer- 
ence 8,  pages  34  and  35,  and  Reference  9,  page  24.  The  data  are  given  as 
force  areas  which  convert  to  pounds  force  when  multiplied  by  the  dynamic 
pressure  in  pounds  per  square  foot.  A time  history  of  the  dynamic  pressure 
for  a typical  high  speed  ejection  is  presented  in  Figure  1.  The  figure 
also  shows  on  the  same  time  scale  the  system  events  for  an  ACES  II  seat 
ejection.  This  figure  format  together  with  the  limb  force  area  data  from 
References  8 and  9 facilitates  the  estimation  of  pressure  force  on  the  limbs 
at  any  point  in  the  ejection  sequence. 


Seat  Operations  During  Ejection 

An  acceptable  1 imb-restraint  design  must  be  compatible  with  all  phases 
of  the  escape  system's  operations.  Figure  3 presents  a flow  chart  of  escape 
system  operations  and  events  which  are  pertinent  to  the  design  of  a limb- 
restraint  system. 

The  first  level  of  the  chart  identifies  four  phases  of  system  operations 
which  are  not  related  to  ejection.  These  are  normal  and  combat  maneuvers, 
ingress  and  egress,  restraint  donnong  and  doffing,  and  emergency  egress. 

The  restraint  design  must  sustain  all  aircraft  maneuvering  accelerations, 
vibrations,  and  occupant  activities  without  moving  from  its  normal  stowed 
position  to  one  which  might  restrict  either  the  seat  occupant’s  mobility 
or  his  internal  or  external  vision.  The  design  must  not  present  any 
unsafe  hinderance  to  normal  ingress  to  or  egress  from  the  aircraft.  The 
donning  and  doffing  procedures  required  by  the  design  must  exploit 
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Figure  3.  Flow  Chart  of  Escape  System  Operations  and  Events 
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existing  procedures  to  the  greatest  possible  extent.  The  design  must  be 
compatible  with  single-point  restraint  release  for  rapid  emergency  egress 
and  must  be  free  of  potentially  unsafe  encumberances  to  rapid  egress  after 
release. 

During  normal  ingress  or  egress  on  the  ACES  II  seat*  the  occupant  must 
make  or  break  seven  connections,  these  are  parachute  risers  to  the  integrated 
torso  harness,  lap  belt,  two  survival  kit  straps  to  the  integrated  harness, 
oxygen  supply  and  communications  lead.  The  lap  belt  and  survival  kit  connec- 
tions require  adjustment,  bringing  the  number  of  required  ingress  tasks  to 
ten.  The  oxygen  supply  and  communications  connections,  if  not  manually 
broken,  will  be  broken  by  the  occupant's  movement  away  from  the  seat  during 
egress.  Therefore,  the  number  of  required  egress  tasks  is  five.  Upon 
activation  of  the  emergency  manual  restraint  release  control  (prior  to 
ejection  initiation),  the  parachute  risers  are  released  from  the  torso  har- 
ness, survival  kit  straps  are  released  from  the  survival  kit,  lap  belt  is 
released  from  the  seat  at  both  ends,  and  the  shoulder  retraction  straps  are 
released  from  the  parachute  risers.  After  ejection  initiation,  the  release 
of  the  parachute  risers  and  survival  kit  straps  is  suppressed. 

The  second  level  on  the  chart  is  system  initiation.  Since  system 
initiation  may  be  accomplished  by  either  side-arm  or  D-ring  controllers, 
the  arm  restraint  design  should  be  compatible  with  both  types.  The  actuation 
of  side-arm  controllers  can  cause  involuntary  lateral  extension  of  the 
elbows  due  to  flexion  of  the  occupants  forearm  muscles  against  his  grip  cn 
the  controller  handles.  Therefore,  the  arm,  restraint  design  must  also  be 
tolerant  to  lateral  extension  of  the  elbows. 

The  third  level  of  the  chart  (Figure  3)  identifies  the  tasks  which 
should  be  accomplished  prior  to  catapult  ignition.  Canopy  removal  may 
begin  immediately  upon  escape  system  initiation.  In  this  case,  the  seat 
and  occupant  will  be  exposed  to  turbulent  windlast  within  milliseconds 
following  actuation  of  the  ejection  controller.  The  limb  restraint  design, 
particularly  that  for  the  arms,  should  be  tolerant  to  windhlast  exposure 
during  its  transition  from. the  stowed  to  the  deployed  configuration.  The 
time  required  fer  canopy  removal  generally  decreases  with  increasing  dynamic 
pressure  and,  consequently,  with  increasing  risk  of  windblast  injury.  There- 
fore, the  limb  restraint  design  must  be  capable  of  very  rapid  deployment  (on 
the  order  of  120  milliseconds),  if  additional  ejection  sequence  delays  are  to 
be  avoided. 

Initiation  inmediately  after  battle  damage  under  high  g-loads  or  command 
initiation  are  situations  which  present  significant  probabilities  for  the 
occupant  being  out  of  the  normal  ejection  posture.  Therefore,  the  restraints 


design  must  be  configured  to  apply  appropriate  positioning  forces  to  out 
of  position  limbs.  Since  the  torso  may  also  be  out  of  position  at  Initia- 
tion, the  limb-restraint  design  must  be  capable  of  applying  effective  limb 
positioning  forces  to  the  arms  while  the  shoulder  hame&s  Is  retracting  the 
torso  to  the  seat  back. 

Deployment  of  the  wlndblast  protection  restraints  must  begin  at  escape 
system  Initiation  and  should  be  complete  before  catapult  Initiation.  Limb 
restraint  deployment  must  be  compatible  with  the  configuration  of  seat  and 
cockpit  hardware  and  with  the  occupant's  personal  equipment. 

The  fourth  level  on  the  flowchart  (Figure  3)  Is  catapult  initiation. 
Catapult  Initiation  may  be  linked  to  canopy  thruster  separation  and,  there- 
fore, may  occur  as  early  as  120  milliseconds  after  system  initiation. 

During  the  catapult  stroke,  which  lasts  about  200  milliseconds,  the  occupant 
will  experience  acceleration  loads  in  the  neighborhood  of  14  g parallel  to 
the  seat  roller  plane.  Since  sucn  loads  may  be  near  or  beyond  the  popula- 
tion threshold  of  injury  to  the  spinal  column,  the  am.  restraints  must  not 
add  an  additional  force  component  to  these  loads.  If  the  arm-restraint 
design  aims  to  complete  deployment  during  catapult  stroke,  the  design's 
deployment  kinematics  must  be  compatible  with  both  catapult  acceleration 
loads  and  dynamic  pressure  forces.  If  the  axis  of  a lower  leg  is  behind  a 
plane  which  is  parallel  to  the  roller  plane  and  passes  through  the  knee,  the 
catapult  acceleration  load  on  the  lower  leg  will  create  a movement  at  the  knee 
which  will  cause  the  lower  leg  to  accelerate  forward  away  from  the  seat. 
Therefore,  the  leg  restraint  design  must  be  capable  of  arresting  such  forward 
motion  while  applying  positioning  forces  to  the  lower  leg.  Since  the  lower 
leg  is  shielded  from  the  windblast  for  at  least  a part  of  the  catapult  stroke, 
leg-restraint  design  should  save  weight  be  exploiting  seat  motion  to  generate 
leg-restraint  deployment  forces.  At  catapult  separation,  the  sustainer 
rocket  and  the  pitch  trim  rocket  (ACES  II  seat)  are  ignited.  The  sustainer 
rocket  continues  the  acceleration  of  the  seat  away  from  the  aircraft.  If  the 
seat's  yaw  angle  of  attack  is  small,  the  sustainer  also  tends  to  resist  de- 
celeration along  the  seat's  trajectory.  This  would  temporarily  slow  the 
reduction  of  dynamic  pressure,  which  would  otherwise  result  from  deceleration. 
It  also  temporarily  reduces  the  inertial  relief  from  dynamic  pressure  forces, 
which  the  deceleration  loads  would  provide  for  the  limbs. 

In  regard  to  dynamic  pressure  forces  on  the  limbs,  the  period  during 
which  the  seat  separates  from  the  aircraft  is  the  most  critical.  If  control 
of  the  limbs  is  not  established  by  this  time  or  it  is  lost  during  initial 
windblast  exposure,  injury  at  high  speed  is  almost  unavoidable.  Level  5 of 
the  flowchart  identifies  the  events  and  phenomena  which  occur  oe tween  seat 
separation  from  the  aircraft  and  inflation  of  the  drogue  chute.  As  soon  as 
the  drogue  chute  compartment  clears  the  aircraft  structure,  the  drogue  is 
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projected  out  behind  the  seat.  While  the  drogue  Is  deploying,  the  seat* 
occupant  system  may  experience  destabilizing  force  moments  generated  by 
two  different  mechanisms.  One  mechanism  Is  driven  by  the  vertical  and/or 
lateral  offset  of  the  center  of  gravity  (CG)  of  the  seat-occupant  system  from 
the  llne-of-actlon  of  the  sustalner  rocket.  A vertical  CG  offset  creates  a 
pitch  moment.  A lateral  CG  offset  creates  compound  yaw  and  roll  moments  be* 
cause  of  the  nonorthogonal  relationship  of  the  thrustllne  to  the  yaw  and  roll 
axes.  The  other  destabilizing  mechanism  Is  controlled  by  the  Instantaneous 
offset  of  the  CG  of  the  seat-occupant  system  from  the  llne-of-actlon  of  the 
net  pressure  or  drag  force  on  the  seat.  In  turn,  the  1 Ine-of-actlon of  the 
drag  force  is  controlled  by  aerodynamic  properties  of  the  seat-occupant 
system  in  all  of  its  atcltudinal  positions.  Aerodynamics  properties  of  the 
seat-occupant  system  are,  in  turn,  the  product  of  the  special  configuration 
of  the  external  surfaces  of  the  seat  and  its  occupant.  Finally,  the  surface 
configuration  of  the  seat-occupant  system  is  significantly  Influenced  by  the 
occupant's  size  and  posture  and  by  the  equipment  he  wears.  Since  this  chain 
of  control  ends  at  uncontrollable  attributes  of  the  occupant,  open-ejection 
seats  are  especially  prone  to  destabilization  by  this  mechanism.  Up  to  the 
limits  of  its  capacity,  the  gyroscopically-stabllized  pitch-trim  rocket 
counteracts  the  combined  pitch  moments  due  to  the  CG  offsets  from  the  sus- 
tainer-thrust  and  drag-force  1 ines-of-action.  Since  the  ACES  II  seat  has 
no  capacity  to  counteract  the  combined  yaw  and  roll  moments  due  to  these 
offsets,  the  seat  tends,  especially  at  high  dynamic  pressure,  to  yaw  and  roll 
prior  to  drogue  chute  inflation. 

The  sixth  level  of  the  flowchart  (Figure  3)  is  the  drogue  snatch  event. 
This  event  begins  with  the  first  full  inflation  of  the  drogue  chute  and  ends 
with  the  first  passage  of  the  seat  through  the  zero-yaw  angle  of  attack.  The 
drogue  is  attached  to  the  seat  by  a riser  whicn  branches  into  a two-legged 
yoke  before  reaching  the  seat.  The  yoke  ends  are  attached  to  either  side  of 
the  back  of  the  seat  at  the  level  of  the  seat-occupant  CG.  Since  the  yoke 
legs  are  fixed  in  lenqth,  the  leg  opposite  the  yaw  direction  carries  the  full 
drag  force  of  the  drogue  chute  when  the  seat  is  yawed.  This  results  in  a 
large  yaw  moment  on  the  seat.  At  first,  this  moment  is  resisted  by  the 
yaw-angular  momentum  of  the  seat.  Therefore,  the  seat  and  occupant  experience 
a large  transient  lateral  deceleration.  The  continued  action  of  drogue  force 
on  the  seat  causes  a large  yaw-angular  acceleration  of  the  seat  which  rapidly 
arrests  and  reverses  its  yaw-angular  velocity.  As  was  mentioned  previously, 
this  rapid  reversal  of  seat  motion  can  lead  to  impacts  of  the  seat  against  the 
occupant  due  to  the  weak  yaw  coupling  between  them.  The  large  yaw-angular 
acceleration  may  also  cause  the  limbs  to  feel  large  tangential  acceleration 
loads  which  tend  to  dislodge  the  limbs  from  their  proper  positions  and  may  be 
additive  to  the  pressure  forces  also  tending  to  dislodge  the  limbs. 


If  the  scat  has  rolled  as  Mill  as  yawad  prior  to  drogue  snatch,  as 
would  be  expected  due  to  tie  presence  of  a large  drag  force  roll  moment 
opposite  In  sign  to  the  yaw  direction  (Reference  8,  page  68),  the  taut 
leg  of  the  drogue  yoke  may  also  generate  a substantial  roll  moment  on  the 
seat  In  the  same  direction  as  the  drag -force  roll  moment.  These  combined 
roll  moments  can  generate  large  roll  velocities  In  the  seat-occuoant  system 
Such  roll  velocities  would  generate  redial  acceleration  loads  on  the  limbs 
which  would  add  to  the  other  forces  and  loads  on  the  limbs  which  tend  to 
dislodge  them  from  their  proper  position  and  pull  them  away  from  the  torso. 

Level  7 on  the  flowchart  Identifies  events  which  occur  after  drogue 
snatch  and  before  main-chute  projection.  As  Indicated  above,  forces  which 
act  during  the  drogue -snatch  event  can  generate  yaw  and  roll  velocities  In 
the  seat-occupant  system.  If  the  seat  were  yawed  prior  to  the  drogue  snatch 
event,  the  seat  would  be  yawed  back  toward  a zero  yaw  angle  of  attack  by  the 
force  in  the  drogue  riser.  As  the  seat  passes  through  zero  yaw  angle,  the 
drogue  load  transfers  from  one  leg  of  the  riser  yoke  to  the  other.  This 
causes  a rapid  reversal  of  the  yaw  moment  on  the  seat  which  arrests  and 
reverses  the  seat’s  yaw  velocity.  The  seat  may  go  through  several  yaw 
velocity  oscillations  of  decreasing  magnitude  before  the  seat  stabilizes  at 
a zero  yaw  angle.  Since  inflation  of  the  drogue  chute  greatly  increases 
the  drag  area  of  the  seat,  the  seat  tends  to  decelerate  more  rapidly  than 
the  occupant.  Separation  of  the  occupant  from  the  seat  is  prevented  by  the 
application  o backward  acting  loads  to  the  occupant  through  the  shoulder 
harness  and  lap  belt.  Since,  in  this  condition,  the  yaw  coupling  between 
the  seat  and  occupant  is  especially  weak,  the  relative  motion  between  the 
seat  and  occupant  would  be  damped,  asynchronous,  yaw  oscillations.  Any  limb- 
restraint  design  which  increases  the  yaw  coupling  between  the  seat  and 
occupant  must  be  able  to  demonstrate  that  the  coupling  forces  applied  to  the 
limbs  do  not  contribute  excessively  to  adverse  loading  of  the  limb  joints 
during  yaw  stabilization.  An  alternative  design  approach  would  be  to  avoid 
increasing  the  yaw  coupling  between  the  seat  and  occupant.  The  oscillatory 
relative  motion  between  the  seat  and  occupant  during  yaw  stabilization  may 
also  threaten  limb-restraint  designs  which  are  dependent  on  friction  to  main- 
tain the  proper  position  of  the  limbs  and/or  restraints.  If  the  needed  fric- 
tion forces  change  magnitude  during  an  oscillatory  cycle,  the  limb  or  restraint 
may  prog res sively  shift  position  until  the  limb  is  freed  or  the  restraint  be- 
comes ineffective  in  regard  to  the  prevention  of  injurious  forces  or  displace- 
ments in  the  linb  joints.  Since  the  drogue  chute  is  not  capable  of  directly 
stabilizing  the  seat  against  any  roll  velocity  which  th»  seat  might  have 
acquired  during  the  drogue-snatch  event,  the  seat  may  continue  to  roll  during 
drogue  deceleration,  however,  other  indirect  mechanisms,  such  as  uneven 
loading  in  the  legs  of  the  drogue  riser  coupled  with  a nonzero  pitch  angle, 
may  cause  roll  moments  during  drogue  deceleration.  It  is  not  known  whether 
such  moments  ta«d  to  stabilize,  destabilize,  or  act  randomly  in  regard  to 
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seat-roll  behavior. 


Level  8 on  the  flowchart  (Figure  3)  is  the  main-chute  projection  event. 
Main-chute  projection  is  accomplished  by  the  detonation  of  a mortar  charge 
under  the  main  parachute  pack  located  behind  the  headrest  (ACES  II  seat). 

As  the  parachute  pack  moves  away  from  the  seat,  the  riser  slack  loops  are 
pulled  out  from  behind  the  back  pad.  The  risers  then  tension  against  the 
occupant's  harness  and  against  the  seat  through  the  torso  retraction  straps 
which  are  connected  to  the  risers.  The  tension  in  the  risers  pulls  the  main 
chute  out  of  its  pack  as  the  pack  continues  to  separate  from  the  seat. 

Primary  restraint  release  is  delayed  for  0.25  second  after  main-chute  pro- 
jection. Therefore,  head-  and  arm-restraint  designs  must  be  compatible  with 
tensioning  of  the  riser  straps  prior  to  primary  restraint  release.  The 
movement  of  the  main-chute  pack  or  the  withdrawal  of  the  riser  slack  loops 
may  be  exploited  by  restraint  designs  to  release  arm-  or  head-restraints 
prior  to  primary  restraint  release.  The  acceleration  of  the  main-chute  pack 
away  from  the  seat  creates  a small  pitch  moment  about  the  seat-occupant  CG. 
Also  the  separation  of  the  parachute  from  seat  lowers  the  seat-occupant  CG. 
Therefore,  depending  on  the  pitch  trim  of  the  seat,  the  drogue  may  also  apply 
a small  positive  pitch  moment  to  the  seat  after  main-chute  projection.  The 
combined  action  of  these  moments  may  cause  the  seat  to  acquire  a positive 
pitch  rate  by  the  time  the  drogue  is  released  0.15  second  after  main-chute 
projection. 

Levels  9 and  10  on  the  flowchart  identify  the  events  which  occur  between 
main-chute  projection  and  seat/man  separation.  These  are  drogue  release, 
restraint  release,  main-chute  snatch  and  seat/man  separation.  Drogue 
release  occurs  0.15  second  after  main-chute  projection.  At  the  release  of 
the  drogue,  the  seat  loses  the  pitch  and  yaw  stability  which  the  drogue 
provides.  Therefore,  the  pitch  and  roll  velocities  which  the  seat  might  have 
at  drogue  release  can  continue  after  drogue  release.  In  ejection  tests, 
some  seats,  which  are  rolling  at  the  time  of  drogue  release,  have  been 
observed  to  undergo  a maneuver  in  which  the  seat  pitches  back  and  yaws  sub- 
sequent to  drogue  release.  All  of  the  mechanisms  which  drive  this  maneuver 
are  not  known.  The  maneuver  has  been  observed  to  lead  to  the  seat  being  in 
a yawed  relation  to  the  main-chute  risers  at  main-chute  snatch.  In  addition, 
the  form  of  this  maneuver  allows  the  riser  furthest  from  the  main  chute  to 
mov,?  in  front  of  the  headset  and  behind  the  occupant's  head.  In  this  con- 
figuration, the  occupant's  head  and  neck  would  carry  the  full  main  chute 
snatch  load.  Head  restraint  designs  must  be  capable  of  preventing  this 
situation  or  of  reacting  the  riser  load  into  the  seat.  Primary  restraint 
release  occurs  0.25  second  after  main-chute  projection.  Arm  and  leg 
restraints  must  be  released  no  later  than  primary  restraint  release.  After 
the  arm  and  leg  restraints  are  released,  they  must  allow  the  seat  to  move 
away  from  the  man  without  interference.  In  particular,  it  must  be  nearly 
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impossible  for  the  restraints  to  catch  on  the  man's  body  or  personal 
equipment.  Furthermore,  the  limb  restraint  design  should  have  this 
capability  for  unstable  as  well  as  stable  seat/man  separations ; that  is, 
separations  in  which  roll  and  yaw  velocities  as  well  as  pitch  velocities 
are  present. 

Implications  for  Windblast  Protection 


The  primary  goal  of  a windblast  protection  system  is  to  prevent  limb 
dislodgement  during  an  ejection.  However,  achievement  of  this  goal  alone 
would  not  automatically  preclude  windblast  induced  limb  injuries  because, 
even  when  restrained  against  displacement,  the  limbs  may  be  vulnerable  to 
injuries  to  their  joints.  This  potential  vulnerability  arises  from  the 
limited  capacities  of  the  knee,  shoulder,  and  elbow  joints  to  carry  tension, 
torsion,  bending,  and  shear  loads  without  sustaining  serious  strain  injuries 
to  the  joint  ligaments.  Therefore,  an  acceptable  1 imb-restraint  design  not 
only  must  react  to  the  apparent  forces  which  tend  to  dislodge  the  limbs  from 
their  proper  positions  but  also  must  do  this  in  a manner  which  holds  the 
levels  of  the  loads  carried  by  the  limb  joints  below  the  threshold  for  serious 
strain  injury.  To  ensure  that  this  criterion  is  met,  the  designer  and  evalu- 
ator should  know  the  configuration  and  functioning  of  the  knee,  shoulder,  and 
elbow  joints,  and  in  particular,  the  special  vulnerability  of  each  joint  in 
regard  to  its  potential  loading  during  an  ejection.  Toward  this  end,  the 
rest  of  this  section  presents  short  discussions  of  the  special  vulnerabilities 
of  the  knee,  shoulder,  and  elbow  joints,  and  of  the  spine  as  they  relate  to 
the  windblast  protection  design  problem. 

The  Knee  Joint 

The  vulnerability  of  the  knee  joint  arises  both  from  the  configuration 
of  its  interior  and  exterior  ligaments  when  flexed  and  the  peculiar  aero- 
dynamic and  inertial  forces  acting  on  the  upper  and  lower  legs  during 
windblast  exposure.  The  internal  ligaments  of  the  knee  are  located  in  the 
center  of  the  joint  behind  the  patella  (knee  cap).  When  the  knee  is  extended, 
tne  internal  ligaments  form  an  "X"  in  the  plane  of  articulation  between  the 
articular  heads  of  the  femur  (thighbone)  and  tibia  (shinbone).  (See  the 
diagram  on  Figure  4.)  These  crossed  ligaments,  known  as  the  external 
(or  anterior)  and  internal  (or  posterior)  cruciate  ligaments,  force 
the  rolling  articulation  which  is  characteristic  of  the  knee  joint.  The 
anterior  cruciate  ligament  forms  a link  between  the  anterior  border  of  the 
head  of  the  tibia  and  the  oosterior  border  of  the  head  of  the  femur.  The 
posterior  cruciate  ligament  is  located  on  the  inside  of  the  anterior 
cruciate  and  links  the  posterior  border  of  the  tibia,  to  the  anterior 
jorder  of  the  femur.  When  the  knee  is  flexed,  the  anterior  cruciate 
ligament  carries  loads  which  tend  to  separate  the  knee  joint  along  the  axis 
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of  th*  femtsr,  while  the  posttrio,’  cruciate,  irfiich  is  much  stronger,  carries 
loads  which  act  along  the  axis  of  the  tibia. 

Windblpst  forces  can  act  to  push  the  upper  leg  ,*p.  cut.  and  back.  «ani« 
the  forces  on  the  lower  leg  primarily  push  it  hack  anc  out-  Together  these 
forces  tend  to  flex  the  leg  over  the  forward  edge  of  the  seat  pan.  If  the 
seat  pan  depth  is  greater  than  tne  occupant's  but tock -popl i teal  length 
{upper  leg  length)  or  if  the  upper  leg  is  lifted  off  the  seat  pan.  the 
forward  edge  of  the  seat  pan  mar  act  as  a fulcrum  for  the  lower  leg  and, 
thereby,  generate  forces  which  act  to  separata  the  bones  of  the  knee  and 
toad  the  knee  joint  ligaments.  especially  the  anterior  cruciate.  (See 
Figure  4. } 

The  exterior  ligaments  of  th*  knee  prevent  nyne«*e*tens  ion  and  lateral 
bending  of  the  joint.  The  most  vulnerable  of  the  exterior  1 igaints  is  tne 
medial  collateral  ligament  located  on  the  inner  or  medial  side  of  the  knet. 
This  ligament  offers  the  rrima**y  resistance  to  lateral  outward  bending  of 
the  lower  leg  at  the  knee  joint.  i#*e«  the  knee  is  flexed  the  lower  ieg  can 
be  rotated  to  the  outside  only  when  the  *e*ur  is  allowed  to  rotate  at  the  nip 
joint. 

The  pressure  forces  which  act  on  the  upper  and  lower  leg  tend  to  push 
the  leg  out  laterally.  Restraints  designed  to  react  these  force*  must  not 
be  positioned  where  they  night  generate  excessive  loads  in  tne  medial 
collateral  ligament.  For  example,  if  the  lateral  restraint  for  the  lower 
leg  were  located  near  the  knee  joint,  tne  restraint  co;id  act  as  a fulcrum 
about  which  the  lower  leg  would  pivot.  (See  Figure  5 ,}  in  seen  a case,  the 
head  of  the  tib4a  would  be  rotated  inward  and  downward.  This  motion  would 
place  the  medial  collateral  ligament  in  tension,  and  would,  therefore, 
greatly  increase  the  risk  of  strain  injury  to  mis  ligament. 

The  medial  collateral  ligament  is  also  vulnerable  to  torsional  dis- 
placements of  the  tibia  at  the  knee  joint.  The  best  available  design  limits 
for  tibia1  rotation  are  17.5-degrees  internal  and  23-degrees  external 
(Reference  10).  Lower  leg-restraint  designs,  whicn  are  capable  of  applying 
torsional  forces  to  the  lower  leg  as  it  moves  within  the  limits  of  the 
restraint,  must  be  able  to  demonstrate  that  torsional  forces  are  not 
applied  to  the  lower  leg  beyond  the  torsional  displacement  limits  for  the 
tibia. 

The  Shoulder  Joint 

The  shoulder  is  a ball-and-socket  type  joint.  The  bones  entering 
into  its  formation  are  the  head  of  the  humerus  (upper  arm),  which  is 
received  into  the  shallow  glenoid  cavity  of  the  scapula  (shoulder  blaae) 
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Figure  S.  Effect  of  Lower  Leg  Restraint  Positioning  on 
Medial  Collatersl  Ligament 
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- an  arrangement  which  permits  vary  considerable  movement,  whl^e  the  joint 
Itself  is  protactad  against  displacement  by  the  tendons  which  surround  It 
and  by  atmospheric  pressure.  The  ligaments  do  not  maintain  the  joint 
surfaces  in  apposition*  because  when  they  alone  remain  the  humerus  can  be 
separated  to  a considerable  extent  from  the  glenoid  cavity,  their  use. 
therefore,  is  to  limit  the  amount  of  movement. . . 

"Owing  to  the  construction  of  the  shoulder  joint  end  the  f readme  of 
movement  which  it  enjoys,  as  wall  as  In  consequence  of  Its  exposed 
situation.  It  Is  more  frequently  dislocated  then  any  other  joint  In  the 
body,  Dislocation  occurs  wham  arm  Is  abducted.  and  ohm.  therefore,  the 
head  of  the  humerus  presses  against  the  lower  end  front  part  of  the  capsule 
(llgement).  which  Is  the  thlrnest  and  least  support «d  part  of  the  ligament. 
The  rant  In  the  capsule  almost  Invariably  takes  piece  in  this  situation, 
and  through  It  the  need  of  the  bone  escapes."  (Reference  U). 

The  vulnerability  of  the  shoulder  joint  to  forces  which  tend  to  push 
the  head  of  the  humerus  against  the  icwer  forward  sec tips*  of  the  joint 
capsule  creates  important  constraints  on  arm  restraint  designs.  For 
example.  If.  In  order  to  restrain  the  arm  against  flailing,  force  Is 
applied  to  the  wrist  in  a forward  direction,  the  jpc«r  arw  will  s*  suscect- 
ible  to  abduction  'rotation  away  from  the  oedy}  by  tire  arossure  forces  which 
act  on  nha  arm.  if  the  upper  arm  so  attducted  and  i*  the  seat  were 
to  yaw  prior  to  drogue  snatch  (both  «rt  likely  events),  the  action  of  the 
ores  sure  force  on  the  am  would  shift  late-Niio-jEfroard  to  'at*r*l- 
inboord  resulting  in  a larne  inward  force  at  tne  need  of  the  humerus. 

This  force  would  h*  combined  with  the  forward  acting  inertial  force  on  the 

resulting  from  the  rapid  yaw  real 1gmce»i  of  the-  sea:  by  tire  drogue- 
snatch  event.  The  combined  pressure  and  inertia!  forces  could  generate  a 
resultant  force  acting  at  the  head  of  the  humenis  in  tne  general  direction 
of  maximum  vulnerability  tu  shOMlder-joint-displaccnpr.t  injury.  Therefore, 
an  acceptable  arm-restraint  design  oust  apply  forces  to  the  upper  arm  to 
p revent  its  abduction  by  pressure  ir  inertial  forces.  Furthermore,  the  upper 
arm-restraint  must  .iof  be  located  near  the  shoulder  joint,  since  such  re- 
straint could  serve  as  a fulervs?  by  which  abducting  forces  acting  below  the 
restraint  would  b€  transformed  into  dislocating  forces  at  the  head  of  the 
humerus. 

The  Elbow  Joint 

The  elbow  is  a hinge  type  joint  which  controls  tne  articulation  between 
the  humerus  (upper  arm  bone)  and  ulna  (forearm  bone).  The  articuia^  surface 
of  the  humerus  is  rounded  - convex  with  a medial  groove  in  the  plane  of 
articulation.  The  head  of  the  ulna  is  a concave  socket  of  about  90°  of  arc. 
This  socket  has  a medial  ridge  which  interlocks  with  the  medial  groove  on 
the  humerus. 
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The  socket  of  the  ulna  is  forced  by  two  bony  processes.  The  posterior 
or  olecranon  process  covers  the  beck  of  the  joint  when  the  elbow  is  extended. 

The  anterior  or  coronoid  process  covers  the  front  of  the  joint  when  the  elbow 
is  flexed. 

The  elbow  joint  is  well  protected  against  lateral  dislocation  of  the  bones 
by  the  interlocking  ridge  and  groove  and  by  strong  lateral  liganents  and  nu- 
de tendons  which  act  to  hold  the  bones  together  and  keep  then  interlocked. 
However,  by  conparison,  the  elbow  joint  Is  quite  vulnerable  to  forward  and  aft 
dislocations.  As  shown  in  Figure  6,  when  the  fpreana  is  extended,  the  ulnar 
socket  is  open  at  the  front,  and  the  posterior  llgawent  at  the  back  of  the 
joint  is  slack.  Therefore,  there  is  relatively  little  resistance  to  backward 
(dislocation  of  the  ulna  off  the  huerus  when  the  elbow  Is  extended.  When  the 
elbow  is  flexed,  the  ulnar  socket  is  open  at  the  back,  and  the  anterior  liga- 
ment at  the  front  of  the  joint  1$  slack.  Therefore,  there  is  relatively  little 
resistance  to  forward  dislocation  of  the  ulna  off  the  huwerus  when  the  elbow 
is  flexed. 

The  flexed  elbow  is  vulnerable  to  forward  dislocation  when  forces  act 
backward  on  the  huwerus  and  downward  along  the  axis  of  the  ulna.  The  extended 
elbow  is  vulnerable  to  backward  dislocation  when  forces  act  forward  on  the 
•nwwrus  and  backward  on  the  ulna. 

The  forward  dislocation  vulnerability  of  the  elbow  Is  a critical  con- 
straint on  windblast  protection  designs,  because  the  elbows  are  flexed  after 
oaeration  of  side-era  or  high  D-rlng  controllers  (one  requirement  for  forward 
dislocation),  and  because  west  of  the  pressure  force  acts  perpendicular  to  the 
numeral  axis  and  away  frow  the  ulna  while  wost  of  the  resistive  force  of  the 
nano  grip  acts  parallel  to  the  ulnar  axis  and  away  frow  the  huwerous  (the 
other  requirement  for  forward  elbow  dislocation). 

This  situation  is  worstned  by  the  high  probability  that  the  occupant's 
j award  pull  on  the  controller  causes  >»is  triceps  ouscle  to  be  fairly  loose. 

!f  the  triceps  were  tensed,  it  would  offer  sowe  protection  against  forward 
dislocation  of  the  elbow. 

This  analysis  suggests  that  forward  elbow  dislocation  should  be  a fre- 
quently occurring  ejection  Injury.  However,  experience  has  not  confirmed  this 
expectation.  It  is  reasonable  to  speculate  that  the  resolution  of  this  dis- 
crepancy lies  in  another  discrepancy  between  experience  and  expectation,  namely, 
that  grip  strength  is  less  effective  at  preventing  arm  flail  than  expected. 

Both  discrepancies  would  be  explained,  if  a nervous  reflex  exists  which 
loosens  the  grip  when  elbow  dislocation  is  imminent. 

The  forward  and  backward  dislocation  vulnerabilities  of  the  elbow 
impose  implicit  constraints  on  arm-restraint  design.  Simple  restraint  of 
the  arm  at  the  wrists,  for  example,  is  unacceptable,  because  it  cannot 
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prevent  forward  elbow  dislocation.  If  the  wrist  Is  restrained,  restraint 
must  also  be  provided  for  the  upper  arm  In  a manner  tnat  will  react  hack- 
ward  acting  forces  on  the  huaerus. 

The  elbow's  vulnerability  to  backward  dislocation  also  constrains  the 
design  of  arm  restraints  based  on  the  “in-trail"  arm  position.  If  forward'* 
acting  restraint  Is  provided  to  the  upper  arm,  then  similar  fotwerd-actlng 
restraint  must  be  provided  to  the  forearm  to  prevent  hyperextension  or 
backward  dislocation  of  tht  elbow. 

The  Spinal  Column 

Another  critical  constraint  on  strap-based  1 1mb~restre1nt  designs  Is 
derived  from  the  vulnerability  of  the  vertebrae  of  the  spinel  column  to 
compression  fractures  during  catapult  accaleratlon  or  drogue-opening  shock. 
Vertebral  fractures  usually  occur  when  the  spine  bends  before  or  during  the 
application  of  a compressive  force  because  bending  causes  edge  loading  of 
tne  vertebrae  rather  than  uniform  loading  across  the  intervertebral  discs. 
Therefore,  strap-type  arm  restraints  are  constrained  to  not  introduce  forces 
on  the  torso  which  would  result  either  In  undesirable  bending  moment?  or 
additional  compressive  loads  at  the  spine. 

The  criticality  of  this  constraint  is  recognized  when  one  observes  thet 
strap  type  restraint  designs  may  Include  • phase  wherein  the  straps  ere 
retracted  and  snubbed.  If  this  process  continues  during  catapult  accelera- 
tion, the  straps  may  be  retracted  and  snubbed  against  the  dynamically  slumped 
position  of  the  arm  or  torso.  In  this  cast,  when  the  torso  rebounds  from 
the  catapult  stroke,  it  would  be  arrested  by  the  snubbed  arm  restraints  and 
could  result  In  significantly  larger  bending  moments  or  compression  loads 
at  the  spine  than  would  be  expected  from  a purely  static  analysis. 
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DESIGN  AND  EVALUATION  CRITERIA 


Ttbla  5 presents  • compilation  of  design  and  evaluation  crlttrli 
develooed  from  the  requirements  Interaction  analysis  presented  In  Tables  1 
and  2.  The  compilation  has  a section  for  each  of  the  2Q  requirements 
listed  In  Table  1.  Each  section  contains  a sumaary  of  the  conflicting  and 
beneficial  Interactions  of  Its  requirement  with  the  other  19  requirements. 

A number  In  fmnt  of  each  conflict  refers  to  an  explanatory  note  in  Table  2. 
Each  section  also  identifies  the  design  objectives  and  criteria  pertinent  to 
its  requirement,  describes  the  quantifiable  aspects  of  the  design  objectives 
and  criteria.  Identifies  sources  of  quantitative  data,  and  suggests  evalua- 
tion methods. 


DESIGN  CONCEPTUALIZATION 

The  effort  to  develop  wlndblast  protection  design  concepts  was  heavily 
Influenced  by  the  requirements  Interaction  analysis  summarized  In  Table  4 
In  relation  to  this  analysis,  many  previous  wlndblast  design  solutions  appear 
either  to  be  deficient  in  their  performance  against  one  or  more  of  the  first 
three  requirements  in  Table  4 and/or  to  represent  unacceptable  tradeoffs  of 
performance  among  these  requirements.  For  example,  protection  schemes  depen- 
dent on  diversion  of  airflow  away  from  the  limbs  are  either  too  heavy  or 
overly  sensitive  to  aircraft  and  seat  attitude  or  both.  Schemes  which  depend 
on  seat  stabilization  or  passive  limb-restraint  are  similarly  disadvantaged. 
Protection  schemes  which  feature  active  restraint  of  the  limbs  against  the 
aerodynamic  and  Inertial  ejection  forces  offer  the  best  potential  for  resolv- 
ing the  conflicts  between  the  requl rements  for  low  weight,  adequate  protec- 
tion, and  Insensitivity  to  aircraft  and  seat  attitude. 

The  operation  of  an  active  limb-restraint  system  may  be  divided  into  six 
phases  which  may  or  may  not  overlap.  These  phases  are  readiness,  capture, 
positioning,  deployment,  restraint,  and  release.  A definition  for  each  of 
these  operational  phases  is  presented  in  Table  6. 

Evaluations  of  previous  approaches  to  active  limb-restraint  design  were 
begun  be  determining  how  each  approach  addresses  the  problems  peculiar  to 
each  of  the  six  phases  of  system  operation.  Then  each  approach's  perform- 
ance against  the  windblast  protection  design  requirements  was  assessed  by 
comparing  its  implicit  performance  tradeoffs  with  the  tradeoff  criteria  con- 
tained in  Table  4.  This  exercise  provided  a large  conceptual  base  which  was 
cross  organized  by  specific  functional  problem  areas  and  performance  tradeoff 
acceptabi 1 ity . 
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Working  from  this  conceptual  base,  w*  developed  six  limb  restraint  con- 
cepts . These  Include  three  ana  restraint  concepts  end  three  leg  restraint 
concepts.  Sketches  of  these  concepts  are  presented  In  figures  7 through  13, 
along  with  the  following  verbal  descriptions  of  their  deployment  sequences. 
Multiple  candidates  are  presented  for  both  the  ana  and  leg  restraints  because 
they  are  thought  to  be  close  enough  in  potential  overall  performance  to 
warrant  carrying  all  six  Into  prototype  evaluations. 

CONCEPT  ONE 

This  concept  is  for  are  protection  using  a strap  retention  system  which 
is  integral  with  the  seat  and  harness.  Norms 1 Ingress  and  egress  from  the 
aircraft  are  all  that  is  required  to  have  the  system  in  the  prepared  state. 
Power  for  the  system  could  be  either  seat  motion  or  an  aircraft  mounted 
retraction  reel.  This  concept  is  illustrated  in  figure  7 and  the  following 
is  the  six-step  deployment  sequence: 

a.  Slack  in  the  retracting-strap  (15)  is  taken  up  through  the 
snubber  (10)  the  belt-ring  (13)  and  the  rise-ring  (16)  until 
the  ihoulder-loop  (3)  tensions  against  Its  tacking  to  the 
upper  comer  of  the  seat  back  oad  (2). 

b.  force  resulting  from  tension  In  the  retrecting-strep  (4  and 
15)  causes  the  riser-ring  (16)  to  break  open.  The  resulting 
slack  is  taken  up  until  the  retracting-strap  again  tensions 
against  the  beck  ped  (2). 

c.  The  break  cord  which  nolds  the  retracting-strap  to  the  back 
pad  (2)  is  broken  by  the  force  exerted  Dy  the  strap.  The 
resulting  sleek  is  taken  up  until  the  ret rac ting- s trap- 
terminal  -ring  (6)  tensions  against  the  restrainlng-strap  (14). 

d.  As  the  retracting-strap  draws  its  terminal-ring  (6)  around 
the  arm,  the  lower  side  of  the  restraining-strap  (7)  is 
drawn  up  to  the  ring  and  passes  through  it  and  is  thereby 
positioned  for  restraining  the  upper  arm. 

e.  As  the  retracting  strap  continues  to  draw  its  terminal-ring 
(6)  toward  the  belt-ring  (13),  the  lower  side  of  the  restrain- 
ing-strap is  pulled  over  tne  lower  arm.  The  restraining- 
strap  eventually  tensions  against  the  aft-riser-support-rlng 
(5),  the  retracting-strap-terminal-ring  (6)  and  the  restrain- 
ing-strap-anchor-on-the-side-of-the-seat-bucket  (11  and  12). 
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f.  At  sMt-Mn  separation  the  snubber/ cutter  (10)  cuts  the 
retracting-strap.  As  the  seat  falls  away  fro*  the  nan, 
the  retractlng-strao  Is  drawn  through  the  belt-ring  (13)  by 
the  restralning-strap  (7)  and  terminal-ring  (6).  tthen  the 
cut  end  of  the  retracting  strap  passes  through  the  ring,  the 
occupant  is  freed  fro*  the  restraint  strap. 

CONCEPT  TWO 

Concept  two  Is  also  a strep  design  for  arm  protection.  However,  it 
differs  significantly  fro*  concept  one  in  that  the  wrist  is  positively  held 
by  the  syste*  and  requires  that  this  connection  be  made  and  broken  for  each 
wrist  during  normal  ingress  and  egress.  In  addition,  the  shoulder  loop 
(items  3 and  4 on  Figure  8 ) must  be  attached  to  a keeper  on  the  upper  arm 
of  the  flight  garment.  The  following  Is  a step-by-step  deployment  cycle 
for  concept  two,  as  Illustrated  on  Figure  8: 

a.  The  retracting  strap  (8)  is  pulled  through  the  snubber/cutter 
(11)  and  the  lap-belt-ring  (10).  The  retractlng-strap- 
terminal-loop  (4),  in  turn,  pulls  the  restraint  strap  (3) 
through  the  upper  arm  keeper  (not  shown)  until  the  restraint- 
strap-slack-loop  (6)  Is  consumed. 

b.  The  retractlng-strap-termlnal-loop  (4),  which  Is  tacked  to 
the  restraint  strap  (3)  with  break  cord,  tensions  the 
restraint  strap  (3)  against  the  upper  arm  keeper  (nut  shewn) 
until  the  keeper  rips  open.  As  the  retracting  strap  (8)  Is 
pulled  through  the  lap-belt-ring  (10),  the  restraint-strap 
(3)  is  drawn  Into  a taut  loop  around  the  upper  arm.  This 
loop  Is  prevented  from  sliding  down  off  the  upper  arm  by 
the  support  ring  (2)  located  behind  the  back  and  anchored 

by  a short  length  of  strap  to  the  seat  back  (1). 

c.  When  the  restraint  strap  (3)  tensions  on  the  upper  arm, 
the  retractlng-strap-termlnai-loop  (4)  breaks  its  tacking. 
This  allows  the  terminal  loop  (4)  to  slide  down  the  restraint 
strap  (7). 

d.  When  r**e  terminal  loop  (4)  reaches  the  lap-belt-ring  (10), 
it  slips  through  the  ring,  pulling  the  restraint  strap  with 
It. 

e.  As  the  restraint  strap  (7)  Is  pulled  through  the  lap-belt- 
ring  (10),  the  wrist  loop  (9)  is  pulled  to  the  lap-belt- 
ring (10). 
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f.  An  restraint  Is  complete  when  the  wrist  loop  (9)  reaches  the 
lap-belt-ring  (10). 

9.  At  seat-man  separation  or  emergency  egress,  the  restraint 
strap  (6)  is  cut  by  explosive  cutters  (5)  mounted  in  the 
back  pad.  The  retracting  strap  (7)  is  cut  by  the  snubber/ 
cutter  (11). 


CONCEPT  THREE 

Concept  three  is  also  an  arm-restraint  design,  but  is  significantly 
different  than  concepts  one  and  two.  Concept  three  consists  of  a high 
strength  sleeve  with  deployment  straps  rolled  up  with  it.  The  rolled-up 
sleeve  is  attached  to  the  main  parachute  riser  via  an  epaulet  and  is  left 
on  the  seat  during  normal  Ingress  and  egress,  the  arm  simply  being  inserted 
through  it  while  entering  the  harness.  During  deployment  it  is  rolled  down 
the  arm  and  essentially  suspends  the  arm  in  a cylinder  anchored  at  the  top 
and  forward  outer  edges  of  the  seat.  Figure  9 illustrates  the  concept  with 
sequential  deployment  as  follows: 

a.  The  deployment  strap  (8)  is  pulled  through  the  snubber/ 
cutter  (9)  and  the  controller-ring  (10).  When  the  slack 
between  the  controller-ring  (10)  and  the  emergency  egress 
cutter  (6)  is  consumed,  the  deployment  strap  is  pulled  out 
of  the  cutter  (6).  This  allows  the  mobil ity-slack-loop  (7) 
to  be  consumed. 

b.  Tension  in  the  deployment  strap  (8)  is  passed  through  the 
deployment-strap-branch  (5)  and  the  unrolling  straps  (4  and 
12)  to  the  rolled  sleeve-cuff  (11).  Since  both  the  sleeve 
and  unrolling  straps  are  rolled  up  on  a stiff  foam  rubber 
ring,  this  tension  causes  the  sleeve  to  unroll  down  the  arm. 

c.  Concurrent  with  event  (a),  the  support  strap  (2)  is  pulled 
through  the  support  ring  (1)  and  the  support,  snubber/ 
cutter  (3).  After  the  support-strap-slack-loop  (2)  is 
consumed,  the  support  strap  tensions  against  the  top  of 
the  sleeve.  The  top  of  the  sleeve  is  also  supported  by  a 
cloth  yoke  (13)  suspended  from  the  parachute  riser  (14), 
but  the  attachment  of  the  yoke  to  the  riser  is  weak  and  may 
release  during  sleeve  deployment  without  consequence. 

d.  Arm  restraint  is  complete  when  the  sleeve  has  completely 
unrolled. 
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e.  At  seat-man  separation  the  support  strap  and  deployment  strap 
are  cut  at  their  respective  snubber/cutters  (3  and  9).  This 
releases  the  seat  from  the  sleeve. 

f.  At  emergency  egress,  the  emergency  egress  cutter  (5)  severs 
the  deployment  strap.  The  support  strap  is  severed  by  its 
cutter  (3).  The  sleeve  support  yoke  (13)  tears  off  the 
riser  (14)  during  egress. 

CONCEPT  FOUR 

This  is  a leg-restrai nt  concept  which  is  retained  as  an  integral  part 
of  the  ejection  seat.  It  consists  of  a high  strength  upper  and  lower  leg 
shroud  for  each  leg  which  would  be  pulled  tight  during  initial  seat  travel 
Ingress  would  require  the  crew  member  to  drape  the  devices  over  his  legs 
and  connect  the  make-and-break  fitting  (item  10  on  Figure  10)  at  the  forward 
edge  of  the  seat  pan.  Figure  10  is  an  illustration  of  the  concept  which 
correlates  to  the  following  deployment  sequence: 

a.  As  part  of  the  ingress  procedure,  the  occupant  pulls  the 
upper  and  lower  leg-restraint-flaps  (2  and  6)  over  the  leg, 
and  inserts  the  flap-anchor-ring  (11)  into  the  snap-hook 
(10)  at  tha  center  of  the  forward  edge  of  the  seat  pan. 

b.  During  the  catapult  stroke,  the  lanyard-ring  (8),  which  is 
attached  to  the  cockpit  floor,  pulls  the  tensioning  strap 
(7)  through  the  inner  snubber/cutter  (9)  and  the  outer 
snubber  (12). 

c.  The  tensioning  strap  (7)  pulls  the  snap  hook  (10)  and  the 
flap-anchor-ring  (11)  down  to  the  inner  snubber/cutter  (9). 
This  collapses  the  sleeve  between  the  snap  hook  (10)  and 
the  snubber/cutter  (9)  and  thereby  precludes  the  release 
of  the  barrel  connector  which  holds  the  snap  hook  (10)  to 
the  tensioning  strap  (7). 

d.  The  tensioning  strap  (7)  is  pulled  through  the  outer  snubber 
(12),  thereby  consuming  the  mobll ity-slack-loop  (13).  The 
tensioning  strap  then  pulls  slack  through  the  hem  of  the 
outer  border  of  the  lower-leg-flap  (5).  This  snugs  the  lower- 
leg-flap  (6)  over  the  lower  leg. 

e.  Having  consumed  all  of  the  free  slack,  the  tensioning  strap 
(7)  pulls  against  its  anchor  at  the  back  of  the  seat  pan  (1). 
The  taut  tensioning  strap  pulls  down  on  the  fabric  channel 
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sewn  high  on  the  outer  surface  of  the  upper- leg-flap  (3). 

This  snugs  the  upper-leg-flap  (2)  over  the  upper  leg. 

f.  At  seat-man  separation,  the  snubber/cutter  (9)  cuts  the 
tensioning  strap.  This  allows  the  flap-anchor-ring  (11) 

to  pull  the  snap  hook  (10)  away  from  the  snubber/cutter  (9), 
thereby  tensioning  the  sleeve  between  the  snap  hook  (10) 
and  snubber/cutter  (9),  which  releases  the  snap-hook- 
barrel  connector  (10).  This  frees  the  leg-restraint-flaps 
which  are  drawn  over  the  legs  as  the  seat  falls  away  from 
the  occupant. 

g.  At  emergency  egress,  the  occupant  raises  his  upper  leg 
against  the  upper-leg-flap  (2).  This  pulls  the  flap- 
anchor-ring  (11)  and  the  snap  hook  (10)  away  from  the 
snubber/cutter  (9).  This  tensions  the  snap-hook-barrel- 
connector-sleeve  and  releases  the  barrel  connector.  The 
leg-restraint-flaps  are  then  free  to  slide  off  the  legs 
during  egress. 

CONCEPT  FIVE 

This  concept  is  a leg  restraint  concept  which  is  very  similar  to  con- 
cept four  with  the  exception  that  it  is  integrated  into  the  anti-g  garment 
and  as  such,  does  not  "stay"  in  the  aircraft.  It  is  believed  by  the  authors 
that  careful  design  of  this  system  could  result  in  its  being  a straight 
forward  modification  of  existing  anti-g  garments,  possibly  modified  at  the 
squadron  level.  The  following  deployment  sequence  references  Figure  11. 

a.  The  seat  occupant  dons  a modified  g-suit  garment  which  is 
fitted  with  leg  restraint  devices  (2  and  6,  see  insert  box) 
on  the  upper  and  lower  leg  pressure  blaoders  (1  and  5). 

b.  During  the  catapult  stroke,  the  retracting-strap  (8),  which 
is  attached  to  the  floor  of  the  cockpit,  is  pulled  through 
the  snubber/cutter  (7)  and  the  center-ring  (11)  until  the 
mobility-slack-loop  (10)  is  consumed. 

c.  The  retracting-strap  (10)  tensions  against  the  barrel  dis- 
connect (9)  and  the  leg-strap-ring  (12),  until  the  leg- 
strap-ring  support  loop  (3)  is  forced  open.  The  leg-strap- 
ring (12)  then  pulls  the  leg-strap  (4)  to  and  through  the 
center-ring  (11). 
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d.  As  the  leg-strap  (4)  is  drawn  through  the  center-ring  (11), 
the  upper  and  lower  leg  restraint  devices  (2  and  6,  see 
insert  box)  are  pulled  from  their  respective  keepers  and 
tensioned  against  the  upper  and  lower  legs. 

e.  The  leg  restraint  devices  (2  and  6)  pull  the  upper  and 
lower  legs  toward  the  center  ring  (11)  until  the  barrel 
disconnect  (9)  bottoms  against  the  snubber/cutter  (7). 

f.  At  seat-man  separation  the  snubber/cutter  (7)  cuts  the 
restraint  strap  (10),  and  the  center-ring  (11)  is 
mechanically  released  from  its  attachment  to  the  seat.  The 
seat  is  then  free  to  fall  away  from  the  occupant. 

g.  During  emergency  egress,  the  leg-strap-ring  support  loop 
(3)  pulls  the  leg-strap-ring  (12)  and  barrel  disconnect 
(9)  away  from  the  center-ring  (11).  This  tensions  the 
sleeve  between  the  center-ring  (11)  and  the  barrel  dis- 
connect (9),  which,  in  turn,  causes  the  barrel  disconnect 
(9)  to  release  the  leg-strap-ring  (12).  The  occupant  is 
then  free  to  egress  from  the  seat. 

CONCEPT  SIX 

This  leg  restraint  concept  is  based  on  the  current  in-service  design 
on  the  HS-1  ejection  system  as  used  on  the  RA5-C,  reference  13.  Discussions 
with  the  manufacture  indicated,  other  than  some  bruises  on  the  shins,  no 
known  leg  or  back  injuries  have  resulted  with  this  system.  Twenty- three 
percent  of  the  documented  ejections  using  this  design  have  been  over  500  kts. 
This  system  requires  elevation  of  the  knees  prior  to  catapult  initiation. 
Although  this  position  looks  potentially  dangerous  for  spinal  positioning, 
reference  14  recommends  it  to  increase  spinal  safety,  based  on  improved  spinal 
alignment  as  demonstrated  by  radiological  investigations.  Lack  of  back 
injuries  with  the  HS-1  system  reinforces  this  position.  Figure  12  illu- 
strates the  original  configuration  as  used  in  the  HS-1  system.  Deployment 
of  the  system  as  designed  is  described  in  the  following  text  from  reference  13. 

"Leg  positioning  and  restraint  are  accomplished  by  lifting  the 
knees  and  locking  the  feet  in  foot  wells  as  shown  in  Figure  12. 
The  knee-raising  bar  contacts  the  legs  behind  the  knees.  As 
the  knees  are  lifted,  the  feet  fall  into  foot  wells,  and  the 
wells  are  closed  by  hooks.  If  the  airman  is  experiencing 
acceleration  loads,  such  that  the  feet  will  not  fall  into 
’•.he  foot  wells,  the  hooks  contact  the  lower  legs  and  push  the 
feet  into  the  wells.  The  system  will  operate  under  loads 
up  to  12  g's. 
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The  pivot  points  of  the  knee-raising  bar  arms  are  below  and 
aft  of  the  pivot  points  of  the  hips.  This  ensures  no  sub- 
marining (forward  movement  of  the  lower  torso)  from  the 
leg  positioning  action;  should  the  airman's  lower  torso  not 
be  properly  positioned  due  to  improper  harness  adjustment, 
the  leg  positioning  actually  positions  his  lower  torso. 

The  forces  imposed  on  the  man  by  the  leg  positioning  pro- 
cedure are  insignificant.  The  knee-raising  bar  has  a 
maximum  velocity  of  5.3  ft/sec,  and  the  hooks  have  a maxi- 
mum velocity  of  9 ft/sec.  All  have  energy  absorption  pads 
where  they  contact  the  legs." 

Modifications  proposed  for  the  system  are  not  intended  to  change  the 
functional  characteristics,  but  allow  it  to  be  more  readily  adaptable  to 
existing  ejection  seats  and  installations.  The  baseline  modification  is 
shown  on  Figure  13. 


CONCEPT  EVALUATION 


CONCEPT  DESIGN  STUDIES 

A design  study  should  be  performed  on  each  of  the  six  arm  and  leg 
restraint  concepts  presented  in  Figures  7 through  13.  The  aim  of  these 
studies  should  be  the  determination  of  the  dimensional  configuration,  the 
strength  requirements  and  general  materials  requirements  for  each  concept. 
Human  subjects  ana  full-scale  soft  mock-ups  of  each  concept  should  be  used 
for  these  determinations.  The  results  of  these  studies  should  be  docu- 
mented in  a layout  drawing  for  each  concept. 

CONCEPT  PROTOTYPES 

Subsequent  to  the  design  studies,  a testable  prototype  of  each  concept 
should  be  constructed.  These  prototypes  should  serve  as  development  tools 
as  well  as  vehicles  for  preliminary  performance  evaluation.  Therefore,  the 
detail  design  of  these  prototypes  should  emphasize  configuration  flexibility 
as  opposed  to  fidelity  to  flyable  hardware.  The  prototypes  should  be  suit- 
able for  testing  with  human  subjects.  Therefore,  the  prototype  designs 
should  also  emphasize  subject  safety  during  testing.  At  a minimum,  the 
prototypes  should  be  capable  of  sustaining  4 g equivalent  loading  in  any 
direction.  The  prototype  should  be  designed  for  rapid  installation  on  and 
removal  from  an  ejection  seat  test  fixture. 
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Figure  13.  Restraint  Concept  Number  Six,  Proposed  Modification 


LOW  FORCE  TEST  FIXTURES 


A set  of  low  force  test  fixtures  should  be  used  for  preliminary  evalua- 
tion of  the  concept  prototypes.  These  fixtures  should  include  a seat,  a 
cockpit  mock-up,  a pitch/roll  seat  positioning  apparatus,  a device  for  simu- 
lating powered  restraint  deployment,  a fixture  capable  of  simulating  seat- 
occupant  response  to  the  drogue  snatch  event  on  a yawed  seat,  a fixture 
capable  of  simulating  the  free  flight  dynamics  of  seat-man  separation,  and 
a device  for  simulating  the  effects  of  windblast  on  restraint  deployment. 
These  fixtures  need  not  possess  high  structural  strength,  since  the  pre- 
liminary evaluations  to  be  performed  on  them  should  be  conducted  at  low  force 
levels,  that  is,  less  than  4 g equivalent  force. 

Seat  Fixture 

The  seat  fixture  should  be  an  actual  ejection  seat  shell,  preferably 
an  ACES  II.  The  seat  should  have  an  operable  primary  restraint  release 
system,  including  the  manual  release  control  handle,  and  a pneumatically 
powered  inertia  reel  or  other  device  capable  of  simulating  powered  upper 
torso  retraction.  The  seat  should  be  modified  to  receive  each  of  the  six 
restraint  concept  prototypes.  These  modifications  should  include  simula- 
tions of  any  restraint  release  deices  required  by  the  concept  designs. 

Cockpit  Fixture 

The  cockpit  fixture  should  provide  the  spatial  configuration  of  a 
typical  fighter  cockpit.  It  should  accept  installation  of  the  seat  fixture 
and  should  be  suitable  for  use  in  ingress,  egress,  donning,  doffing,  and 
emergency  egress  demonstrations. 

Pi tch/Rol 1 Positioning  Fixture 

The  seat  positioning  fixture  should  be  capable  of  positioning  the  seat 
and  a human  occupant  In  all  possible  attitudes  in  relation  to  the  gravity 
vector.  Sufficient  space  should  be  provided  around  the  seat  to  allow 
unobstructed  movement  of  the  occupant's  limbs.  The  fixture  should  be  used 
to  study  the  interaction  of  the  occupant's  body  with  the  restraints  while 
the  direction  of  action  of  the  simulated  ejection  forces,  i.e.,  gravity,  is 
changed.  Specifically,  the  fixture  should  facilitate  the  characterization 
of  limb  joint  loading  processes  which  result  from  such  interactions. 


Powered  Deployment  Simulator 


A device  capable  of  simulating  powered  retraction  of  restraint  deploy- 
ment straps  should  be  available.  The  device  should  have  the  capacity  to 
Independently  retract  four  different  straps.  The  power  and  speed  of  retrac- 
tion should  be  variable.  The  device  should  be  compatible  with  seat  Installa- 
tion in  either  the  positioning  fixture  or  cockpit  fixture. 

Drogue  Snatch  Fixture 

A simple  and  sufficient  drogue-snatch  simulator  could  employ  a falling 
weight  to  give  the  seat  and  its  occupant,  at  a 90-degree  pitch  angle,  a 
vertical  velocity  which  could  then  be  arrested  by  simulated  drogue  risers 
attached  to  the  ground.  The  main  component  of  a fixture  using  this  approach 
would  be  a platform  upon  which  the  seat  would  be  mounted  facing  upward. 

The  platform  would  be  suspended  from  the  drop-weight  cable  by  two  pulley- 
cable  sets  which  would  allow  the  platform  to  rotate  on  the  seat's  yaw  axis. 

If  the  pulley-cable  sets  were  mounted  at  the  ends  of  a horizontal  beam  which 
was  suspended  at  Its  center  by  the  drop-weight  cable,  the  platform  would  also 
be  able  to  rotate  about  the  seat's  pitch  and  roll  axes.  The  upward  facing 
orientation  of  the  seat  permits  exploiting  the  gravity  vector  to  simulate  the 
inertial  push  of  the  seat  against  the  occupant.  If  the  platform  suspension 
cables  are  mounted  asymmetrically  with  respect  to  the  seat-platform  CG,  the 
platform  can  be  made  to  yaw  accelerate  as  it  is  accelerated  vertically  by 
the  falling  drop-weight.  Therefore,  the  fixture  would  be  capable  of  simu- 
lating yaw  velocity  reversal  at  drogue-snatch. 

This  fixture  should  be  used  to  study  the  dynamic  response  of  the  seat 
and  occupant  to  the  drogue  snatch  event.  In  particular,  the  fixture  should 
be  used  to  study  the  response  of  the  limbs  and  limb  restraints  to  seat 
realignment  at  drogue-snatch. 

Seat/Man  Separation  Simulation 

Seat/man  separation  simulation  should  be  accomplished  by  dropping  an 
occupied  seat  through  some  distance  before  catching  the  occupant  by  his 
parachute  risers.  The  facility  for  conducting  these  simulations  should  pro- 
vide for  arresting  the  seat  to  avoid  damage  at  ground  impact.  The  drop 
release  device  should  be  capable  of  imparting  angular  rates  to  the  seat 
prior  to  seat/man  separation.  This  facility  should  be  used  to  study  the 
behavior  of  1 imb-restraint  device'  during  unstable  seat/man  separation. 
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Wlndblast  Simulator 


A large  six  to  eight  foot  diameter  fan  of  the  type  used  for  commercial 
movie  productions  would  be  sufficient  for  preliminary  evaluation  of  the 
response  of  the  prototype  limb  restraints  to  wlndblast  during  deployment* 

If  necessary,  a large  duct  should  be  designed  and  constructed  to  remove  the 
radial  and  cyclonic  flow  properties  from  the  fan's  output  and  to  direct  the 
output  airflow  at  the  seat. 

PROTOTYPE  EVALUATIONS 

The  necessary  performance  evaluations  are  listed  in  Table  8.  The  table 
also  identifies  the  test  fixtures  or  facilities  required  by  each  of  the 
evaluations.  Whenever  safety  requirements  permit,  human  subjects  should  be 
employed  in  these  evaluation  demonstrations.  Otherwise,  fully  articulated 
anthrcooretric  dummies  should  be  used. 

‘liomcchanica  1 Loading  Evaluations 

Each  concept' s performance  regarding  the  forces,  torques,  tensions, 
compressions,  and  shear  loads  which  are  induced  in  the  occupant's  limb  seg- 
ments and  joints  should  be  evaluated.  Such  forces  can  result  from  restraint 
system  deployment  and  cinching,  and  from  the  mechanisms  by  which  the 
restraints  react  the  aerodynamic  and  inertial  forces  operating  on  the  seat 
and  occupant  during  seat  deceleration  and  stabilization.  The  torso  reaction, 
restraint  deployment,  drogue  snatch,  and  seat-man  separation  simulators 
should  be  used  to  assess  each  concept's  biomechanical  loading  performance 
during  those  events.  The  seat  positioning  fixture  should  be  used  to  assess 
the  general  interaction  between  the  restraints  and  the  occupant's  body  for 
all  loading  directions. 

Deployment  Failure  Modes 

The  deployment  phase  of  each  concept  prototype's  operation  should  be 
evaluated  for  the  possible  existence  of  deployment  failure  modes.  To  this 
end,  simulated  restraint  deployments  should  be  made  with  the  seat  installed 
in  the  cockpit  simulator,  with  seat  exposed  to  airflow  from  the  windblast 
simulator,  and  with  the  seat  held  at  adverse  attitudes  with  respect  to 
gravity  by  the  seat  positioning  fixture. 

Seat-Man  Separation  Failure  Modes 

The  release  phase  of  each  concept  prototype's  operation  should  be 
evaluated  for  the  possible  existence  of  release  failure  modes.  To  this  end, 
the  seat-man  separation  simulator  should  be  used  to  investigate  the  behavior 
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TABLE  3 . EVALUATION  AREAS  FOR  LIMB  RESTRAINT 

CONCEPTS  .AND  RELATED  TEST  FIXTURES  AND  SIMULATORS 
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Biomechanical  Loading 


XXX  X 


Deployment  Failure 
Modes 


XXX 


Seat  Alan  Separation 
Failures  Modes 


Adverse  Limb/Torso 
Position  Failure 
Modes 


X X 


Mobility  in  Primary 
Restraints 


Anthropometry 

Sensitivity 


X X 


Post -Separation 
Entanglement 

Manual  Separation 
Control  Access 


Psychological  Accept- 
ibility  of  Encunberance 
and  Appearance 


X X 


Donning  and  Doffing 
Procedures 


Personal  Protective 
Equipment 


X X 
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of  the  prototypes  under  various  dynamic  conditions  at  seat-man  separation. 
Slow  motion  photography  and  force  measuring  instrumentation  should  be  used 
to  record  the  detailed  behavior  of  the  restraints  as  they  are  pulled  off 
the  limbs  during  separation. 

Adverse  Limb/Torso  Position  Failure  Modes 

A subset  of  potential  deployment  failure  modes  are  those  attributable 
to  adverse  limb  and/or  torso  positions  prior  to  Initiation.  The  torso 
retraction  and  restraint  deployment  simulators  should  be  used  to  investigate 
the  possible  existence  of  such  failure  modes.  With  the  seat  installed  in 
the  cockpit  simulator,  the  limbs  and  torso  of  human  subjects  should  be  placed 
in  various  adverse  positions  prior  to  concurrent  simulations  of  torso  retrac- 
tion and  restraint  deployment.  Under  these  conditions,  the  pre-ejection  limb 
positioning  performance  of  the  concept  prototypes,  as  well  as  the  probability 
and  significance  of  any  observed  failure  modes,  should  be  evaluated. 

Mobility  in  Primary  Restraints 

Since  a reduction  of  the  range  of  occupant  mobility  within  the  cinched 
primary  restraints,  caused  by  restraint  of  the  limbs,  may  result  in  the 
transfer  of  some  of  the  torso  loads,  normally  reacted  by  the  primary 
restraints,  through  the  limbs  to  the  limb  restraints,  each  concept  prototype 
should  be  evaluated  for  any  potential  reductions  of  occupant  mobility  within 
the  primary  restraints.  The  seat  positioning  fixture  should  be  used  to 
simulate  various  loading  directions  between  the  seat  and  occupant  so  that 
potential  limb  restraint  restrictions  on  occupant  mobility  may  be  observed 
and  evaluated.  Any  potentially  hazardous  mobility  restrictions  observed  on 
the  seat  positioning  fixture  should  be  further  evaluated  by  observing  and 
comparing  the  dynamic  behavior  of  the  seat  and  occupant,  with  and  without 
limb  restraints,  generated  by  the  drogue  snatch  simulator. 

Anthropometry  Sensitivity 

The  performance  of  a limb  restraint  concept  during  all  of  Its  phases  of 
operation  should  be  uneffected  by  occupant  anthropometry.  A special  evalua- 
tion of  each  concept  prototype  for  potential  anthropometry  sensitivities 
should  be  performed  using  the  seat  installed  in  the  cockpit  simulator  and 
seat  positioning  fixture.  Any  potentially  hazardous  sensitivities  should  be 
further  observed  and  evaluated  during  testing  of  the  concept  prototypes  on 
the  various  dynamic  simulators. 


Post-Separation  Entanglement 


After  seat-man  separation,  limb  restraint  system  components  which  stay 
with  the  occupant  may  represent  entanglement  hazards  during  ground  or  water 
landings,  or  emergency  egress.  Concept  prototype  tests  in  the  cockpit  and 
seat-man  separation  simulators  should  be  monitored  with  the  aim  of  detecting 
any  potentially  hazardous  entanglement  situations. 

Manual  Separation  Control  Access 

Manual  access  to  the  emergency  seat-man  separation  control  handle.  In 
the  event  of  primary  restraint  release  failure.  Is  highly  desirable.  Each 
concept  prototype's  performance  on  this  desired  capability  should  be  evaluated 
first  by  deploying  the  prototype  around  a human  occupant,  then  verifying 
that  he  has  access  to  and  can  operate  the  control.  Then  a more  realistic 
evaluation  should  be  performed  by  first  suspending  the  restrained  occupant, 
while  in  the  seat,  from  simulated  parachute  risers  attached  to  the  occupant's 
harness.  The  occupant  should  attempt  to  access  and  operate  the  control  in 
this  situation.  If  the  attempt  is  successful,  the  seat  should  be  allowed 
to  drop  away  from  the  occupant  so  that  the  release  and  shedding  of  the  limb 
restraints  under  1 g conditions  may  be  observed. 

Psychological  Acceptability  of  Encumbrance  and  Appearance 

If  a design  concept  ultimately  depends  on  the  voluntary  cooperation  of 
the  seat  occupant  for  its  successful  operation,  then  the  using  population's 
psychological  acceptance  of  the  concept  in  regard  to  encumbrance  and  appear- 
ance may  play  a large  part  in  determining  the  concept's  potential  long-term 
effectiveness.  The  first  step  In  evaluating  a concept's  potential  accept- 
ability should  be  to  evaluate  its  performance  regarding  encumbrances.  This 
should  be  accomplished  by  using  the  cockpit  simulator  and  seat  position 
fixture  along  with  human  subjects  to  assess  each  concept's  prototype's 
impact  on  reach  and  vision  access  in  the  cockpit,  as  well  as  prototype's 
responses  to  off-vertical  acceleration  loads,  such  as  would  be  encountered  in 
high-speed  maneuvering.  If  these  studies  indicate  that  a concept  should  be 
acceptable  with  regard  to  encumbrance,  the  concept  design  should  be  reviewed 
for  acceptable  appearance.  A simple,  rugged  appearance  is  desirable. 
Improvements  in  appearance  should  be  allowed  to  influence  material  selection, 
and  keepers  and  other  devices  for  giving  a simple  external  appearance  should 
be  used  wherever  possible.  After  these  preliminary  assessments  are  completed, 
members  of  the  flying  population  should  be  invited  to  study  the  concept 
prototypes  and  give  their  assessments  regarding  the  prototype's  encumbrance 
and  appearance. 
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Donning  and  Doffinq  Procedures 


The  donning  and  doffing  procedures  required  by  each  design  concept  should 
be  evaluated  by  collecting  information  on  the  number  of  tasks  in  each  pro- 
cedure, on  the  average  time  taken  for  each  task,  and  on  the  difficulty  of  each 
task.  A special  effort  should  be  made  to  identify  tasks  which  may  often  take 
two  cr  more  attempts  to  successfully  complete  or  which  may  present  other 
special  difficulties  to  the  seat  occupant.  The  cockpit  simulator  should  be 
used  to  demonstrate  the  compatibility  of  donning  and  doffing  procedures  with 
cockpit  geometry.  Human  subjects  representing  the  5th  and  95th  percentile 
anthropometric  sizes  and  wearing  winter  and  summer  personal  equipment  should 
be  employed  to  evaluate  the  sensitivity  of  the  procedures  to  these  variables. 
The  capability  of  each  concept  prototype  to  automatically  accommodate  changes 
in  occupant  size  and  personal  equipment  bulk  should  also  be  evaluated. 

Personal  Protective  Equipment 

Since  the  occupant's  personal  protective  equipment  usually  occupies  the 
interface  between  the  limb  restraint  devices  and  the  occupant’s  body,  subjects 
should  wear  government  issued  personal  equipment  at  least  once  for  each  of 
the  evaluation  demonstrations.  The  pencil  pockets  on  the  sleeves  of  the 
flight  suit  or  flight  jacket  are  critical,  because  the  pencils  or  pens  they 
carry  represent  potential  snags  for  some  deploying  arm  restraint  designs. 
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